Part I11. Assessing |PM Impacts

| ntr oduction

The second theme of the Third National Sympo-
sium/Workshop, “Assessing IPM Program Im-
pacts,” was motivated by several factors. First, the
Clinton Administration’s commitment to imple-
menting IPM practices on 75 percent of crop acres
by the year 2000 has put a spotlight on defining and
measuring the degree and extent of IPM adoption in
the United States. Second, the concomitant goal of
reducing reliance on high-risk pesticides to garner
environmental and public-health benefits demands
new methods of measuring pesticide impacts. Third,
to meet the demand for greater accountability for
public expenditures (as legislated in the Government
Performance and Results Act passed by Congress in
1993), the USDA IPM Initiative and National IPM
Implementabn Plan require integration of assess-
ment activities in future IPM funding proposals.

Careful documentation of IPM program impacts can
help demonstrate that recommended IPM technolo-
gies and practices are both profitable for producers
and reduce reliance on agricultural chemicals that
are harmful to the environment and/or public health.
While the need for better documerat of IPM
program impacts is clear, a consensus has not yet
been forged about the appropriate assessment
method(s) to use. Past efforts to evaluate IPM-
program impacts have generally focused on the cost
and efficacy of IPM practices. Environmental
impacts were often limited to measuring pesticide-
use reduction. Enlarging the assessment domain to
include broader conpgs of ewironmental and
public-health impacts adds additional complexity
that can best be addressed by the adoption of multi-
disciplinary assessment approaches.

USDA officials and a private consultant presented
their views on integrating multidisciplinary assess-
ment into IPM research and extension programs in
the plenary session, “Assessing IPM Program
Impacts.” These opening monents weredllowed

by the presentation of five papers commissioned by
the Economic Research Service that provided a
starting point for an interdisciplinary discussion of
the appropriate methods and approaches for measur-
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ing economic, environmental, and public-hedlth

impacts of IPM programs. Each of these papers is
published in its entirety here. ERS also organized

five selected paper sessions during the Sympo-
sium/Workshop that provided a venue for the
presentation of empirical and methodological
research results exploring some aspect of IPM
evaluation. A summary of each paper presented is
provided at the end of this section ot#ee-Pro
ings.

Karl Stauber, (former) Under Secretary for Re-
search, Education, and Economics, and Susan
Offutt, Administrator of the Economic Research
ServicdRE), opened the plenary siessdevoted
to assessment. In their introduchongts, the
Under Secretary and the Administrator expressed
the Department of Agriculture’s commitment to
supporting multidisciplinary assessment of IPM
impacts. Stauber, in his program overview, “Inter-
disciplinary Collaboration to Achieve IPM Goals,”
highlighted the importance of establishing IPM
research and extension priorities that reflect both
producer needs and public concern about agricul-
ture’s effects on environmental quality and human
health. He argued that accountability for the use of
pubtid$ will require a transparent assessment
process that documents progress toward achieving
priorities identified by all the stakeholders. In his
view, IPM adoption offers producers and society a
potential win-win solution by maintaining producer
profits and addressing environmental and public-
health issues associated with pesticide use.

Terry Nipp, President of AESOP Enterprises, Ltd.,
in his presentation, “Accountability: The Best
Defense is a Good Offense,” underscored the impor-
tance of establishing an open assessment process
that documents progress toward tbmanhiafv
societal priorities. In his view, agricultural research
and extension programs that can demonstrate
benefits to producers andceimgts/in meeting
important societal goals (such as environmental
protection, worker safety, safe water and food, and
wildlife proteclidrgwe a higher probability of



retaining and maybe even increasing their public
funding.

Having made the case for integrated interdisciplin-
ary assessment, the authors of the five commis-

sioned papers addressed alternative assessment

approaches. Integrating different disciplinary per-
spectives into a coordinated assessment was the
challenge undertaken in the paper b Antle and
Susan Capalbo, “Integrated Assessment of IPM
Impacts: An Overview.” Because no single technol-
ogy will be superior in all assessment areas, a
unifying framework is needed to assess the tradeoffs
among eocnomic, environmental, and public-health
impacts of alternative production technologies. The
authors described how physical impacts, once
identified, can then be converted into monetary
values, thereby providing a common unit of mea-
surement. They then explain how to use a benefit-
cost framework to assess the tradeoffs between
different objectives.

Susan Riha, Lois Levitan, and John Hutson in
“Environmental Impact Assessment: The Quest for
a Holistic Picture” outlined the issues that must be
addressed in assessing pesticides’ impacts on the
environment. They discussed objectives, strengths,
and weaknesses of existing environmental assess-
ment methods and identified conceptual and data
challenges that must be overcome to improve these
assessment tools. Important issues (such as who is
going to use the assessment, time frame, budget, and
the tradeoffs between ease-of-use versus complexity
and short run versus longrun) were identified as
important questions useful in determining the
appropriateness of alternative ap-proaches and tools
in environmental assessment.

The many challenges encountered in trying to

measure and assess acute and chronic health impacts

of occupational exposure to pesticides are explored
in “Occupational Exposure to Pesticides and Their
Effects on Human Health” presented by Aaron
Blair, Marcie Francis, and Sarah Lynch. The authors
reviewed current public-health research on the
relationship between occupational exposure to
pesticides and the development of acute and chronic
diseases, including cancer and diseases of the
nervous, immune, and reuiuctive systems. Under-
standing how and to what degree pesticide exposure
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occurs [source(s), route(s), duration, and dose] is
critical to estimating public-health impacts.

A more detailed description of how to conduct
economic-impact assessment is provided in “A
Primer on Economic Assessment of Integrated Pest
Mamagnt” by George Norton, fieey Mullen,
and Edwin Rajotte. The authors walk readers
through the “nuts and bolts” of conducting an
integrated economic assessinginig iagrocess
for defining IPM systems, identifying appropriate
assessment methods, establishing statistically valid
baseline data, andingemndtanalyzing this
information in a benefit-rashework. While
recognizing that the site-specific nature of IPM
systems means that a standardized approach to
measuing impacts is not possible, the authors
identified a core settafdaehat can form part of
virtually any IPM impact assessment. They also
presented an overview of some of the methods that
are available to address other dimensions of an
integrated assessment.

Farm-level pritifigedind technical efficiency are
two powerful factors influencing producer adoption
of new technologies. However, IPM practitioners
have been puzzled by the lack of adoption of some
IPM practices or technologies that have been both
profitable and efficidtalctital Consideriins
in Assd3amigrs to IPMAdoption,” Peter
Nowak, Steven Padgitt, and Thomas Hoban identi-
fied other considerations besides economic and
technical efficiency that influence adoption of
alternative agricultural practices. The authors
argued that IPM is an information-intensive produc-
tion system. Deepening and expanding the use of
IPM will depend on increasing the number of pro-
ducers whowvant to andcan incorporate site-spe-
cific, multifaceted information in their pest-manage-
ment decision making. Viewing IPM as a decision-
making process rather than as a list of practices
makes the task of measuring adoption vastly more
complex. The authors presented a typology of
barriers to adoption of IPM practices that differenti-
ates between producers who are unable, unwilling,
or bothlingvand unable to adopt IPM systems.
Ifgarne be made in deepeg and expanding
adoption of IPM, then understanding the important
differences between the reasons for not adopting
recommended IPM practices will contribute greatly



to the identification of appropriate policies and
strategies.

While each of the presentations and commissioned
papers dedlt with different aspects of impact assess-

ment, collectively they identified key e ements that

must be addressed in conducting integrated assess-
ment. First, because of the diversity in agro-
ecosystems, IPM systems, weather, and pest pres-
sures, appropriate methods may need to be adapted
to reflect site-specific conditions. Second, because
of this diversity, each locale must develop a consen-
sus on assessment priorities through an open,
transparent process that includes all stake-holders.
Budget constraints and data availability limit what
can be studied, so agment must be reached by
stakeholders on what is to be assessed and how.
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Third, relevant disciplines must be included at the
start of the research project to allow researchersto
agree upon a common unit of analysis for data
collection, scientifically valid data-collection proce-
dures, spatial and temporal scales, and complemen-
tary methods to quantify the impacts of IPM pro-
duction technologies. Working together from the
start will facilitate the integration of the different
disciplines’ methodological approaches into a
comprehensive assessment. Fourth, converting
impacts into a common monetary measure facilitates
the comparison of different impacts and the assess-
ment of tradeoffs between different objectives.
Finally, an assessment must quantify the economic,
environmental, and public-health impacts of IPM
admpand show the regional and socioeconomic
distribution of these impacts.



I nterdisciplinary Collaboration to Achieve IPM Goals

Karl Stauber
Former Under Secretary, USDA

| would like to add to that of the Administrator of

the Economic Research Service, Dr. Susan Offuitt,

my welcome to participants of the Third National

IPM Symposium/Workshop. Animportant theme of

this conference is “Meeting the IPM Goal.” The
conference program reflects the importance of two
important elements identified by the USDA IPM
Initiative as critical to the success of niegtthis
administration’s IPM goals. The first, “Putting
Customers First,” means that priorities for IPM
research and educational programs must reflect our
customer-identified needs. These needs must be
identified through a systematic planning process
involving all stakeholders. The sBw, “Incorporat-

ing Impact Assessment,” implies that the successful
implementation of the IPM Initiative will require us
to carefully document the environmen- tal, eco-
nomic, public-health, and social impacts of in-
creased IPM implemeniah byfarmers and other
IPM users.

The USDA IPM Initiative is a coordinated
Department-wide effort to realize the Clinton
administration's goal of implementing IPM practices
on 75 percent of the nation’s crop acres by the year
2000. This goal, sgbintly by the Department of
Agriculture, the Environmental Protection Agency,
and the Food and Drug Adinistration in the fall of
1993, reflects the adnistration’s commitment to
improving environmental quality while maintaining
the agricultural sector’s profitability and global
competitiveness. The administration has backed this
commitment with increased budget proposals to
support IPM research and extension education
programs in both FY 96 and FY 97 budget rexsie
The proposed increases are the first significant
increases for IPM research and extension activities
since the Nixon administration. The USDA Strate-
gic Plan for the IPM Initiative commits the Depart-
ment to provide research, educational, and program-
matic support to address priority needs identified by
farmers and other IPM stakeholders.

31

The 75-percent IPM goal has stimulated a great deal
of discussion asto its origin and what it meansin
terms of a measurable goal. This goal must be
viewed in the context of public concern about
environmental quality, food safety, and the use of
pesticides by both agricultural and urban users.
Several Europeamntdes have mandated
pesticide-use-reduction goals in response to similar
amrns about pesticide impacts on theimn-
ment and public health. Thén&thation’s 75-
percent goal depends on voluntary adoption of IPM
practices rather than mandated use-reduction goals.
It emphasizes the proven track record of the land-
grant-university system as an agent of innovation
and change. In addition, the administration’s goal
focuses on the potential for IPM to réauer
reliance on pesticides while enhancing economic and
environmental benefits to producers and society as
a whole.

The IPM Initiative, carried out by the research,
education, and economics mission area of USDA,
illprovide increased support for basic and imple-
mentation research and educational programs
needed to encourage voluntary adoption of IPM
systems. The IPM Initiative will not only reach out
to new adopters of IPM practices but will provide
support for present IPM users to incorporate more
sophisticated IPM tactics on tfeems.

THhO94 Eonomic Research Service report on
IPM adoption indicates that basic IPM tactics are
used on approximately 50 percent of U.S. crop
acres. This might indicate that we are two-thirds of
the way to our goal. | prefer a more arbg
interpretation. While many Anferivans have
adopted some basic IPM tactics, we need to invest
in focused research and education programs to
provide tbentiation for newarmers to adopt
IPM production practices and at the same time
provide existing IPM users with a range of more
comprehensive IPM tactics to adopt.



A new report from the National Research Council Thekey to expanded IPM adoption is to understand

encourages the adoption of “ecologically based that IPM practices and technologies are site-specific
IPM.” To promote the adoption of ecologically and batbwledge- and informain-intensive and
based IPM we must commit ourselves to a that producers will not adopt unprofitable practices.
significant publicinvestment in both research and The IPM Initiative wikkcaed if it focuses its
extension education. It is clear that achieent of resources on research and ethrcapriorities
ecologically based IPM or the simpler goal of identified at the local level by producers and other
implementation of IPM on 75 percent of the crop stakeholders. Critical todbessuof the Initiative
acreage will require integrated program planning is the establishment of an assessment process that
that involves both theidlogical and social sciences documents progress toward achieving the priorities
if the IPM Initiative is to be responsive to the identified by the stakeholders. Information derived
complex demands placed on agriculture in today's from the assessment process improves
society. This Initiative epitomizes the type of accountability and contributes to a better
approach that will be increasingly demanded by the  understading of the factors that contribute to both
public to address a variety of issues in the success and failure.
agricultural sector. Why? Because pest-management
issues are elements of a broaatray of | have asked the @&@wmic Research Service,
multidimensional challenges that agriculture working through the USDA IPM Coordinator and
confronts: protection of natural resources and the IPM Program Subcommittee and with other USDA
environment, viability of rural communities, agencies and the EPA, to take the lead in
sustainability, public investment in agricultural formulating an assessment plan for the IPM
research, education afatm programs, anglobal Initiative. This plan will help with assessment at
competitiveness. The USDA, in cooperation with its both the national and local level and will require the
land-grant-university partners and a broadly defined unique disciplinary expertise of both the biological
user community, must create a coordinated strategy and social sciences and the forging of new
to engage both disciplinary science and interdisciplinary alliances.
interdisciplinary system-oriented approaches to
address increasingly complex agricultural problems. This conference offers an opportunity to increase
our understanding of the components afcessful
Public concerns over agriculture’s effects on IPM programs and the environmental, economic,
environmental quality and human health must be public-health, and social impacts of IPM programs.
addressed in planning and irapiening the IPM The dialog and planning initiated during this
Initiative. Also important, however, is the need for symposium/workshop will contribute both to
producers to achieve sustainable economic returns strengthening disciplinary science and forging the
for their investment. By involving all ofPM’s synergistic new interdisdipary alliances needed to
stakeholders in a dialogue, we can address the achieve the administration’s IPM goal. | will watch
private-risk, public-benefit paradigm. The adoption with interest how the challenges of “Putting Our
of IPM practices can provide a win-win solution to Customers First” and “Incorporating Impact
pest problems by maintaining producers’ economic Assessment” are addressed in the IPM plans being
viability and global competitiveness and at the same developed at both the statedantgprregion
time addressing environmental and public health levels. | and witrmbers of the admistration
issues associated with pesticide use. will work with Congress to bring the needed new
resources for research and education to your local
programs.

32



| ntegrated Assessment of |PM Impacts: An Overview

John M. Antleand Susan M. Capalbo
Montana State University

I ntroduction

The purpose of this paper is to provide an overview
of how the economic, environmental, and public-
health benefits and impacts of IPM can be measured
and usad in an integrated assessment of IPM. Before
addressing how this can be done, it is important to
explain why it should be done, particularly because
most IPM researchers do not consider impact
assessment a part of IPM research, and it has not
been included in most IPM research projects.

There are a number of important reasons why we
need to do integrated assessment of IPM impacts
(see Antle and Wagenet 1995 for a more detailed
discussion). Firgt, from the scientific perspective, we
need information on the expected benefits and costs
of aternative research strategies to set research
priorities, to design research, and to evaluate
research. In short, to do good science, we need to
useresources efficiently; and to do that, we need to
be able to assess how productive scienceis. Thereis
also a need for this information to conduct policy
research.

Second, thereis agrowing demand by the public and
by government for publicly funded research, such as
IPM research, to be socially and economically
accountable. Executive orders under the Reagan,
Bush, and Clinton administrations have reguired
accountability for major new regulations and
policies, and Congress has required similar
accountability under the Government Performance
Review Act. The need for this information is
particularly acute to justify expenditures on publicly
funded research, such as IPM, in an era of declining
government spending on research, and it is needed
to set priorities among competing research

program actually achieves those objectives if this

line of research is to justify continued funding.

Researchers naturally tend to view impact
assessment as a burdensome, costly task that diverts
resources from scientific work. But this view of
impact assessment is mistaken on several grounds.
First and foremogt, this view is much like the person
whoisin such ahurry to get somewhere that he does
not bother to look at the map. How can we defend
the daims made for the benefits of IPM if we do not
document them? Second, if there really
substantial economic, environmental, and public
health benefits from IPM, IPM researchers have a
strong vested interest in having those benefits
quantified and documented. It would be myopic,
indeed, for IPM researchers not to view impact
assessment as an essential part of the IPM research
agenda. Finaly, there is a tendency to view
economics, environmental science, and health
science as not part of IPM and therefore as
detracting from the pool of money available for IPM
research. This view ignores the fact that in aworld
where publicly funded science must be justified by

are

the benefits it yields, there may be no pool of money

for any kind of IPM research if the benefits cannot
be documented and quantified in a scientifically
sound manner.

In the remainder of this paper, we address the
question of how to do integrated impact assessment
for IPM research. Therearetwo essentia points that
we would like to emphasize in our discussion of
impact assessment:

Impact assessment must be an integral part of doing
IPM research and extension and must be integrated
into research and extension projects from their

programs. Indeed, USDA'’s IPM Initiative is built on
the premise that development and adoption of IPM
will yield economic, environmental, and human-
health benefits to producers and to society.
Obviously, it is USDA's responsibility to
demonstrate that the research sponsored by this

inception:
» to facilitate interdiscifinary collaboration in the

design and implementation of data collection and
analysis;
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» toensurethat the research is useful and relevant
in economic, environmental, and public-health
terms;

» toensurethat theimpact assessments are timely
and cost-effective. It is often argued that impact
assessment is too time consuming and costly.
Thisisnot trueif impact-assessment research is
integrated into research projects from ther
inception.

Impact assessment is an application of the economic
tool of benefit-cost analysis, combined with
appropriate data and models from production
economics, environmental science, and health
science.

Because it is difficult to value al of the environ-
mental and health impacts, impact assessment
should striveto quantify tradeoffs among economic,
environment, and health impacts. These tradeoff
relationships can be used to assess the benefits
associated with IPM technologies.

The I mpact-Assessment Framework

Benefit-cost analysis provides the basis for a multi-
disciplinary approach to assessing impacts of |PM

and other research activities (Antle and Wagenet
1995). Note that the use of “multidisciplinary” is
meant to convey the need for collaboration across
the full spectrum of biological, physical, and social
sciences that are needed to address the impacts of
agricultural technology. The first step is for
scientists to set research objectives that reflect
public priorities. We shall describe these objectives
broadly as food supply, human health, and
environmental. The public's priorities may be
embodied in state or federal legislation or may be
communicated to research administrators and
scientists by local interest groups, such as
commodity,farm, or évironmental organizations.
Researchers then formulate strategies to meet these
objectives. For each strategy, researchers collaborate
to estimate the impacts of the prospective
technologies on production, human health, and the
environment.

Once impacts are estimated by each discipline,
economsts can translate the impacts into monetary
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values. The valuation of market goods, like wheat,

is straightforward because market prices can be
used. The monetary valuation of nonmarket goods,
such as environmental amenities, is more difficult
but can be done in some cases and is a major
component of environmental-economics research
(Freeman 1993). The present and future benefits
and costs of the prospective technologies are
translated into present values with a technique
known as discounting. This technique weights
monetary benefits and costs by a discount factor that
takes into consideration how far into the future the
benefit or cost occurs. These discounted benefits
and costs are then summed over time. The difference
between discounted benefits and costs of each
strategy isits net present value (NPV).

Because agricultural research is an uncertain
undertaking, the ultimate value of research to
society is also uncertain. Researchers must consider
the probability of success of each research strategy
and uncertainties associated with estimating benefits
and costs of research. For example, taking into
account the scientific and economic uncertainties,
each research strategy may be associated with a
pessimistic (low) NPV value and an optimistic
(high) NPV value. Weighting these possible NPV's
by their probability of occurrence yidds the
statistical expected value of the NPV. Research
strategies are ordered according to their expected
NPV, and only projects with a positive expected
value are considetegtable. When some of the

impacts, such as changes in human health or the

environment, defy quantification or valuation in

monetary terms, a qualitative assessment can

supplement the quantitative analysis.

A number of issues that cannot be treated here in
detail must be consideredeémémiply impact
assessment. One critical issue is identifying the
distribution of benefits and costs acaffestibed

groups. For example, the economics literature
considers how resdaatbdtin one geographic
raffisets productivity in other regions. An
important part of environmental and health impact
assessment is identifying the relevant population.
Another issue arises when public research is an
input into the private development of technology. In

this case, the research contributions from both the

public and private sectors must be determined.



effects are considered. These “external costs” are
particularly important in policy design because they
are not borne by farmers and the market does not

Assessing | mpacts of
Pest-M anagement Resear ch

To illustrate how impact assessment can be de-
signed and used in IPM research, let us now
consider the challenge of designing pest-manage-
ment research to accomplish the sustainable
agriculturegods in the 1990 farm bill. As we noted
in the Introduction, one important motivation for
impact assessment is the need to set research
priorities. We consider two research strategies. One
is based on genetic manipulation of the plant to
resist apest, such as the development of late-blight-
resistant potato varieties, which if successful would
eliminate the need for certain classes of pesticides,
such as the fungicides used to control late blight; the
other is based on a conventional IPM strategy, such
as improving the timing and amount of fungicides
applied to potato crops, that may reduce but does
not eliminate pesticide use.

A successful pest-management strategy must be
profitableto individua farmers and for theindus-try
as a whole if it is to be widely adopted. In
collaboration with the biological researchers,
economists can estimate changes in pesticide use,
labor, other inputs, and yields associated with the
two research strategies. The extent of adoption of
the technology by the industry and its economic
impact at the farm and industry level can then be
estimated. Many such studies of IPM have been
conducted by agricultural economists (e.g., Carlson
and Wetzstein 1993).

The human-health and environmental impacts of a
changein pest-management technology also can be
guantified. Despite the public perception that |PM

techniques reduce or diminate pesticide use, many

provide an economic incentive for farmers to take
corrective actions.

Teams of economists, occupational-health special-
ists, and environmental scientists can assemble data
on human toxicity of the pesticides, their transport,
and fatein the environment. These data can be used
to estimate changes in human-health risk, water
quality, and other key dimensions of health and the
environment associated with the IPM technologies
and the use of recombinantly derived resistant
varieties. If the agricultural products are traded
internationaly, international standards for pesticide
residues and the use of genetically altered materials
must be considered in the estimation of benefits and
costs. If the data on the economic, health, and
environmental  benefits are combined, the net

present value (NPV) of each technology can be

estimated.

Various outcomes are possible in this example,
depending on the weights attached to crop produc-
tion, environmental quality, and health. If both
strategies yield a positive expected NPV and if the
research budgets are adequate, then both strategies
might be funded to account for the uncertaintiesin
research. If the biogenetic research strategy is more
costly and the benefits of reduced pesticide use are
not large or if its success is highly uncertain, then
theless-costly, more-reliable |PM strategy might be
preferred. But if the health or environmentastsoof
using pesticides are sufficiently large, the benefits of
the biogenetic strategy that could eiminate the use
of pesticides might yield the higher expected NPV.
It isalso possible that neither line of research could

IPM techniques are based on “economic thresh-
olds” for pesticide application that do not explicitly
consider either environmental or human-health
impacts. The agricultural-science community tends
to assume that environmental and health problems
associated with technologies are caused by ineffi-
cient use of the technology. Inefficient use may
indeed be one source of health and environmental
problems, as in pesticide use by farmers in
developing countries. But even the correct use of an
“economic threshold” could result in overuse of a
pesticide when off-farmrwironmental or health

yield sufficiently high benefits to justify its cost.

Designing I ntegrated Assessments:
Units of M easurement and Aggregation

holilel be apparent from thegeeding discus-sion
that researchers involved in an interelisgiplin
project must coordinate their research designs so
that data can be integrated across disciplines and
used for impact assessment. We assume that the
odoiction impacts of prospective ewlogies have
been quantified by agricultural s@enti®il and
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crop science tell us that the environmental benefits
of reduced pesticide use vary according to soil and
climatic conditions. The pesticide-reducing
technologies will be adopted by many farms
operating in widdy differing climatic conditions and
soils. Thus, pesticide impacts vary across the
physical and economic units in production.
Likewise, public health researchers know that the
human health impacts of pesticides vary across
individuds in the affected populations. How can we
quantify the benefits of technol ogies whose impacts
vary across space or time?

This question raises a fundamental issue in the
design of research for impact assessment. Biological
and physical science research typically focus on the
cdlular, plant, animal, or fied level. This level is
different than the level at which technologies affect
the public and at which public policies are directed.
Even policies at the local level will be directed at a
population of biological, physical, or economic
units. In water policy, for example, federa law
requires states to assess impacts and to formulate
policies at thelevel of awell-defined environmental
entity, such as awatershed or aquifer.

The solution to this problem is for researchers from
all concerned disciplines to be involved at the
inception of the research, so that they can agree
upon a unit of analysis to use in quantifying the
impacts of production technologies. In the water-
quadlity example, soil scientists, and economists can
define a unit of measurement, such as a farmer’s
fied, at which both the economic and environmental
impacts of the technologies can be reliably assessed.
The physical impacts in the population of farm
fields can be described by probability distributions
of solute leaching below the root zone and runoff
into surface water. Economists can also estimatein
probabilistic terms how farmers change pesticide
use as they adopt the new pesticide-reducing
technologies. By combining these physica and
economic data for the physical and economic
populations, it is possible to estimate the mean
environmenta impacts in the population or to assess
the probability that leaching or runoff will exceed a
critical level. This environmental-risk information
can then be related directly to policy objectives.
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Assessing | mpacts:
The Role of Tradeoffs

Identifying the impacts of production technologies
on human health and the environment takes us a
significant step closer to making the link from
scienceto impact assessment and policy formation.
But in both research planning and impact
assessment, it is rare that one research strategy or
technology dominates all others in all relevant
dimensions. One technology may be more
productive but also riskier for human health than
another; thus, tradeoffs among economic, hedlth,
and environmental goals must be assessed.

Onesolutionto this problem is to obtain a common
unit of measurement by converting physical impacts
to monetary values. The use of monetary valuesis
appealing because the economic impacts of a
technology on producers and consumers--changes in
net returns to producers and changes in the red
incomes of consumers--can be measured with
market prices. Government policies often distort
market prices, so analysts must consider these
distortions.

Health and environmental impacts of technology
create an additional valuation problem. The mone-
tary valuation of changes in human hedlth and
environmental quality usually cannot be measured
directly because these are nonmarket goods. The
valuation of nonmarket goods has been a major
research objective in environmental economics for
the past 30 years. An established set of techniques
now exists to obtain values for nonmarket impacts
that are comparable to market prices.

Thereare, however, severd significant limitations to
the application of nonmarket valuation techniques.
First, the transferability of valuations is an
unresolved issue in the economics literature, and it
may be prohibitively costly to undertake a valuation
study corresponding to every nonmarket effect that
needs to be considered in an impact assessment
(Larson 1995). Second, the rdiability of the
valuation techniques has been questioned in the
economics profession, and the economic valuation
of some nonmarket effects is controversial in the
public mind and may not be accepted by the public
as a basis for impact assessment (Smith 1992;
Portney 1994).



For these reasons, we believe it is important for
researchers conducting impact assessments to
present tradeoffs among economic, environmental,
and public-health impacts whether or not nonmarket
valuation techniques are used to translate impacts
into monetary terms.

How It IsDone: Assessing the
Economic, Environmental, and Health
Tradeoffs of Pesticide Use in Potato Production

We now illustrate the impact assessment methods
outlined above by describing a study designed to
assess the economic, environmental, and heslth
effects of pesticide use in potato production.
Detailed descriptions of this study can be found in
Antle, Crissman, and Capalbo (1994); Crissman,
Cole, and Carpiol(994); and Antle et al. (1996).

This study of the economic, environmental, and
human-health effects of pesticides sponsored by the
International Potato Center was based in the Carchi
Province in northern Ecuador in a highland zone 30
km south of the Colombian border. Production
occurs between the altitudes of 2,800 and 3,400 m
on steeply sloped, deep volcanic soils. Just half a
degree north of the equator, there are virtually no
changes in day length, little seasonal variation in
temperature, and limited variation in rainfall.

The cropping system is dominated by potatoes and
pasture for dairy cattle, with these two crops rotated
in a potato-potato-pasture cycle that takes about 2
years. Because of the equatorial Andean climate,
there are no distinct planting or harvesting seasons,
and potato production occurs continuously.
Production data were collected infarm-level
survey on 40 farms ding 1990 to 1992 by trained
enumerators who lived in the region and made
bimonthly visits to the farms. Data werellected

for individual parcels, where a parcel is defined as a
single crop cycle on farmer's field.

This physical environment is highly conducive to
certain potato pests, notably the soil-dwelling larvae
of the Andean weeviRfemnotrypes vorax) and the
late-blight fungus Phytophthora infestans). With
backpack sprayers, farmers make an average of
more than seven applications of pesticides to each
parcel. Though a widarray of poducts was used,
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three types dominated the selection. The dithio-
carbamate Mancozeb accounted for more than 80
percent of total active ingredient of fungicides. The
carbamate Carbofuran and the organophosphate

M ethamdiophos accounted for 47 percent and 43
percent of all insecticide active ingredients applied.
Carbofuran is used to control the Andean weevil,
and the organophosphates are used on foliar insect
pests. Mostarmers manage several fields, so that
potato production and pesticide use are continuous
throughout the year. An important consequence of
continuous production is a year-round potential for
occupational and incidental exposure to pesticides.
Pesticides are not used in the pasture cycle and are
seldom used in other crops that may beincluded in

the rotation, such as legumes. Thusfammer’s

exposure to pesticides comes almost entirely from

potatmguction.

The project’s research team consisted of agricultural

ecsisomil scientsts, and occupiinal health
researchers. Imttiegptaage of the project, the

study watersheds were identified, and the decision
was made to collect production data at the field
level. Detailed parcel-legettpm data were
collected on a monthly basis, with emphasis on
accurate measurement of pesticide use. An
important part of the production work was to

@act for the fact that a large number of different
types of pesticides are used in the production

system. The watersheds were classified into four
agroecological zones, and soils, and related data
were collected by the environmental impact team for
simulation modeling of the transport and fate of

pesticides in the environment.

To examine the health impacts of this pesticide use,
the health research tearducted a survey of the

farm population and an age- and ediaramatched

reference group not exposed to pesticides. All

participants answered questions on pesticide use and

medical problems, received a clinical examination
by a field physician, completed a series of tests of
voers system function, anchderwent blood &is.

These tests were oriented toward those effects most

likely to be associated with the insecticide and
fungicide exposures that the agricultural team had
documented. Crissman, Cole, andl@4pio (

describe the higher rates of skin problems

(dermatitis), reduced vibration sensation, lower



cholinesterase levels, and generally poorer
neurobehavioral test results among the farm
population compared to the reference group.

Following the approach described by Antle,
Capalbo, and Crissman (1994), primary production
datawere used to estimate econometric models that
represent the farmers' decisions on the extensive
(crop choice) and intensive (input use) margins.
These econometric models provided the parameters

for construction of a stochastic simulation model of

the production system. The outcomes of this
economic simulation mode were then input into two
other simulation models: a physical simulation
model to estimate environmental impact, defined
here in terms of the leaching of pesticides beyond
the crop root zone; and a simulation model based on
statistically estimated relationships between
pesticide use on the farm and the neurobienal
status of members of tifi@rm populaibn.

These three integrated simulation models were used
to assess the economic, environmental, fanu-
population health impacts of various scenarios,
including alternative pest-maremgent scenarios.
Simulation-model output can be displayed in graphs
that illustrate the tradeoffs between agricultural
output and changes in environmental quality (e.g.,
leaching of an insecticide below the root zone) for
the current management practices and an IPM
practice that involved more effective carbofuran
application techniques. Similarly, the tradeoffs
between agricultural output and health risk under
current management practicesnder the IPM
technology, and for a combination of IPM and
improved farmworker proteicn practices can be
constructed. In this particular study, these tradeoff
relationships showed that there arebsantial
tradeoffs among output, environmental, and health
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outcomes and that IPM practices improve hedlth as
much as or more than better sdf-protection
practices. In other words, this case study showed
that IPM could generate Bstantial benefits by
reducing numbers of insecticide applications and
thus lowering exposure to hazardous insecticides.

Conclusions

Inthis paper, we argue that impact assessment must

be an integral part of doing IPM or any other

publicly funded agricultural research. Impact

assessment does not take resources away from |PM

research, rather it is an integral part of doing

researchthat addresses society’s concerns about the
impacts of agriculture on environmental quality and
public health. A key goal of impact-assessment
research should be to quantify tradeoffs among

economic, environmental, and public-health

outcomes.

Another important message weuwld like to convey
to the research conumity is that we must not be
overwhelmed by the apparent complexity of these
problems. Successful research progréimsev
experts from each relevant discipline to identify key
first-order impacts in each area (economic,
environment, and health) and focus on them.
Interdisciplinary collaboration at the research design
stilgdésey ensure thainits of measurement are
compatible across disciplines so that research
results can be integrated for impact assessment.

Finally, it must be emphasized that in impact
assessment, as in all scientific research, there is no
ookbook soltion. The general approach described
here must be adapted to each production system to
acount for its most important impacts.
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Environmental-I mpact Assessment: The Quest for a Holistic Picture

Susan Riha, Lois Levitan, and John Hutson
Cornell University

Agriculture intentionally disturbs the natural and limitations of various assessment methods but
ecosystem and imposes a managed system that has do not evauate particular environmental assessment
multiple direct and indirect environmental methods. This section is meant to encourage
consequences. Given the uncertainty and complexity researchers to consider how different types of
of these consequences, a number of different assessment methods may or may not be suitable for
approaches for assessing the impacts of agricultural their project. The last section considers some
practices on the environment have been proposed practical issues that researchers face in deciding
and discussed. All these methods can be viewed as which assessment method to use. These issues
attempts to answer the question “What are the include determining who the assessment is supposed
environmental consequences of agricultural to serve and trade-offs in ease-of-use versus
management dedms?” IPM investigators are complexity. The aim of this section is to encourage
currently being challenged to respond to this researchers to consider these issues explicitly before
guestion as part of their research and as one means choosing an environmental assessment method.
of assessing the stess of IPM. Previously, IPM
has been judged primarily in terms of the cost and Defining Environmental | mpacts
efficacy of IPM practices. To the extent that
environmental impact was considered, it was When we refer to environmental impact, what comes
assessed primarily by reduction in pesticide use or to mind will differ depending on one's view of the
by indicators important to impinening IPM (for environment and the components of the environment
example, the impacts on beneficial arthropods). that one values. Environmental-impact assessments
measure or estimate impacts on one or more
The objectives of this paper are twofold: first, to environmental indicators. Many groups are
encourage IPM investigators to think more deeply concerned with assessing the degree to which
about the potentials, limitations, and complexities of various components of the environment are
environmental-impact assessment and, second, to changing. However, different groups may have a
acquaint IPM investigators with the range of current particular interest in particular components of the
approaches they might use to evaluate nvimnment and little interest in others. We have
environmental impacts of their IPM programs. The chosen to review several concepts that we hope will
paper is divided into four sections. The first section encourage researchers to think more broadly when
discusses the meaning of environmental impact. Our considering what is meant by the environment and
purpose is to inspire researchers to think broadly which environmental variables might be assessed
when considering environmental impacts, and to for impact. Theseptsrigéude (1) how newer
illustrate some of the consequences ofaaraw ideas differ from the classic ecotmtayical model,
view of the environment. The second section (2) how we focus on events that occur in various
describes a number of challenges in conducting places in space and time, and (3) the physical
environmental-impact assessments. The point of resource base. Environmental impacts can be
this section is to encourage researchers to recognize hought of as including all nontarget impsicout
problems with current environmental assessment for the purposes of this paper (and following the
methods and to use these as a madtmator EPA Scienc@dvisory Board, see Coop#B93), we
improving assessment tools. The third section are not considering human-health effects as
presents a typology of approaches to environmental environmental impacts.

assessment. We discuss the objectives, strengths,
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Chemical to Biocriteria

When considering if a pesticide application has had
an environmental impact, we might first think in
terms of how the application of pesticides on the
farm affects the pesticide concentration in ground
and surface waters, the atmosphere, and soils.
Pesticide input on the farm can be related to
pesticide concentration in the environment by
applying afatemodd thet predicts how the pesticide
will move from where it is applied to the
environment of interest. The concentration of the
pesticide in the environment is then related to
potential impact on specific biota with toxicity
ratings and some type of exposure factor.
Traditionally, ecotoxicology has focused on single-
species toxicity testing in the laboratory to develop
repeatable thresholds of response to changes in
toxin concentration and exposure (Cairns 1995).
These tests have the advantage of linking a
biological responseto a specified level of toxin and,
therefore, in theory, can maintain alink between a
farm-management  decision (eg., pesticide
application) and abiological response (e.g., death of
fish). Theimpact on biota established through such
tests(eg., an LD,,) arereferred to as test endpoints
(Suter 1995). If chemical concentration exceeds a
toxicity threshold for one or more species, then the
environment is considered to be impacted. This
approach to defining environmental impact is
summarized in figure 1a.

One of the reasons that the classic ecotoxicological
modd has been widely used isthat it is easier to set
goals and write regulations related to chemical
levels (eg., in terms of the concentration of
pesticide in groundwater) than in terms of impacts
on ecosystems. Objections have been raised to the
individual-species toxicity tests that are integral to
this model. These objections include: the limited
array of species used may not be most sensitive, the
same species is not most sensitive to all chemicals,
and species may respond differently when not
isolated from other species (Cairns 1995). Micro-
and mesoscaletesting systems have been developed
to overcome some of these objections. The results of
these tests have been considered by some too
inconsistent to be practicable, athough Cairns
(1995) believes this approach may have been too
easily dismissed. More generaly, the classic eco-
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toxicological model fails when the acceptable level
of achemica in the environment as established from
test endpoints does not correlate with the
environmental impacts of interest to the public.
Another shortcoming of applying the classic
ecotoxicology modd to assessments of agricultural
impact is that people are generaly not directly
concerned with the level of a chemica in the
environment per se, even if thislevel islethal to 50
percent of a specific organism in atest. What is of
interest to them is the impact of management
decisions on such components of the environment as
populations of biota and the functioning of
ecosystems (Karr 1995), which are sometimes
referred to as assessment endpoints (Suter 1995).
Wewill usetheterm decision endpoints in referring
to these environmental components that are of
actual interest to various decision-making groups.

In response to some of the limitations of the classic
ecotoxicological modd, with its focus on chemical
criteria, some scientists suggest using field-
measured biological criteria that can be more
directly related to decision endpoints (Karr 1995)
rather than single-species toxicity tests (Fig. 1b).
The use of biological criteria as indicators of
environmental impact has both a public and a
scientific tradition. For centuries, people have been
concerned about fish supplies and more recently
have expressed concern for the preservation of other
wildlife (Policansky 1993). There is increasing
public and scientific interest in the more general
notion of environmental integrity and a recognition
by the scientific community that single-species
toxicity isnot necessarily indicative of system-level
responses (Policansky 1993; Barbour et al. 1995;
Cairns 1995). Characterizing environmental
integrity generally requires measures of an array of
biological attributes. These can include use of
habitat indices, conditions of individual organisms
(i.e., diseases, anomalies, or metabolic processes),
community structure measures (i.e., taxa richness
and trophic dynamics), and productivity measures.
In environmental assessment, this approach has
probably been taken furthest in evauating the
integrity of water resources (Barbour et al. 1995).

Although biocriteria are important indicators of
environmental impact, their use raises severa
problems. Thereis not currently awidely accepted,



multidimensional measure  of  biological
integrity/ecosystem quality (Barbour et al. 1995).
An index of biotic integrity (IBI) has been
developed with biosurvey data to construct a
multimetric index of heterogeneous variables (Karr
1981; Simon and Lyons 1995). Criticisms of this
index approach include ambiguity, eclipsing of one
metric by another, arbitrary variance, unreality
involved in combining unlike metrics, post hoc
justification, singlelinear scale of response, inability
to use in diagnostics, and nonsense results. Simon
and Lyons (1995) attempt to defend IBI in the face
of these criticisms, but many of Suter’s concerns are
inherent to such indices and therefore should be
taken seriously.

A second problem in the use of biocriteria is in
defining  appropriate  reference  conditions,
particularly in terrestrial ecosystems (Policansky
1993; Hughes 1995). The problems encountered in
defining reference conditions can be easily
illustrated by issues in restoration ecology. To what
condition should derdict or degraded land be
restored? Both in restoration ecology and in defining

an acceptable biological status of an ecosystem, it

has been recognized that human values must be
taken into consideration. Diamond (1987), in his
studies of restoration ecology, points out that
different segments of the population hold different
values and therefore different views of appropriate
restoration conditions. Hughes (1995) position is

that “The [biological] reference condition must be
politically palatable and reasonable. In other words,
it must be acceptable and understandable by persons
most concerned with nature for its own sake and
those unconcerned with nature or only concerned
with what it can provide humans. If the process for
determining the reference condition isceptable
and understandable by only one of these groups, it
will not be broadly implemented by the majority of
persons who fall between these two extremes.”

Another important concern with the use of bio-
criteria in environmental-impact assessment is that
the cause of biological impairment is often difficult
to infer from measures of biological integrity.
Changes in biological integrity may be caused by
one or more environmental stresses produced by any
number of management deoiss. Recently, multi-
metric approaches have been proposed to develop
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thresholds with biocriteria that may be useful in
identifying different types of stresses (Barbour et al.
1995). However, it will likely prove difficult to
develop fate or process models that can relate the
impact of aparticular farm-management decision to
thebiologica integrity of nearby streams and lakes.
So, while the environmental-impact-assessment
mode summarized in figure 1b has the advantage of
using decision rather than test endpoints, a
disadvantageliesin the difficulty of linking specific
farm-management practices to perturbations in
environmental integrity.

The EPA has been providing guidance to the states

on the development and use of biological criteria
(Southerland and Stibling995). Although at first
glancebiologica criteria may appear complicated to

implement in IPM assessment programs, IPM

researchers and practitioners are aready using

biological indicators in their research on beneficial

organisms and predator-prey relationships as

indicators of community structure and trophic

dependencies.

Spatial and Temporal Scales

In defining environmental impacts, it isimportant to

consider arange of temporal and spatial scales, not

just what happens on or near the farm in the current

year. Usually, research focuses on localized small-

scale, short-term impacts or on large-scale, long-

term impacts, as illustrated by the diagonal line
drawn in figure 2. However, off-diagonal processes
are often important; for dzagipen effects

of chemicals on the genetics of organisms or the
rapid transfer of a chemical over relatively long
distances through preferential flow.

Spatial and temporal scales are also important to
consider when data are transferred between
disey when data are used to infer trends, and
when data produced at one scale or in a narrowly
defined system are used to intengies stt a
different scale or in a wider system, such as a
ndscape. Impacts of agriculture are generally
experienced at spatial and temporal scales much
larger than those at which environmental
measurements are made. Processes in the landscape
occur over a wide range of scales, but Bagjs
usually restricted to scales of time and space



determined by sampling procedures and the time
frame of a research or monitoring project. For
example, soil scientists measure and monitor
chemical concentrations at scales ranging from soil
profile to field during experiments that rarely last
more than afew years.

How should we approach measurement and
monitoring at larger scales? Applying conventional
measurement techniques to more sites for longer
time periods can provide useful information, but it
reguires excessive effort and is costly. We need to
rethink the way in which we approach such broad-
scale projects, starting with an assessment of
pathways and impacts and tailoring monitoring
strategies to the whole system rather than to a few
arbitrary points in it. Field monitoring and
measurement strategies for broad-scale projects
should be carefully planned and evaluated, taking
into account both temporal and spatial variability.
Techniques for parameter estimation, monitoring,
and modding should change as we move from point
of gpplication to catchment or to regional scales and
should attempt to predict responses and impacts
over decades rather than months.

Natural Resour ce Use and Sustainability

Another  consideration in assessing the
environmental impacts of agricultural production
and distribution is in terms of resource use, both
depletion of nonrenewable resources and
consumption or transformation of renewable
resources. Assessments of resource and energy use
often are found under the rubric of energy or
resource analysis, life-cycle assessment, systems
analysis, or systems ecology (Cottrell 1955; Odum
1971; Cook 1976; Daly 1980; Pimentel 1980;
Odum 1983; Hesd 1987; Hall, Cleveland,
Kaufmann 1986; Fava et al. 1991, 1993; Guinee
and Heijungs 1993, 1995; Daly and Cobb 1994;
Schroll, H. 1994; Hall 1995). These assessments
generally depend upon measures of the quantity and
rate of consumption of resources and also upon
abiotic indicators of physica changes in the
environment.

Choices of agricultural pest-management practices
may have long-term impacts on atmospheric and
soil quality. For example, United Nations scientists

estimate that methyl bromide, which is used
primarily as a soil fumigant in agriculture, is
responsiblefor 5 to 10 percent of the thinning of the
stratospheric ozone layer. Thinning of the ozone
shidd is an indicator of physical change in the
environment that has been related to human-health
problems, to effects on nonhuman biota, and to
marine and agricultural productivity (Allen et al.
1995; UNEP 1992, 1994, 1995).

Onaglobal scale, fossil-energy resources are finite
and nonrenewable, athough their use has quite
different economic and socid ramifications as a cost
of production in different political jurisdictions.
Fossil energy isused in agriculture directly as afue
and indirectly as embodied in farm machinery,
transportation, pumped irrigation, synthetic
pesticides, and chemical fertilizers. When quantities
of fossil inputs are converted to energy units (such
as calories, joules, and BTUS), it can be seen that
theratio of energy input to output in agriculture has
changed significantly over time and with changing
prioritiesand optionsin production and distribution.
Fossil energy and dectricity use on U.S. farms had
increased more than sixfold between the turn of the
century and the late 1970s when oil-price shocks
spurred energy conservation throughout the
economy. At peak usagein 1978, direct and indirect
energy use on farms was equivalent to 5 percent of
total U.S. energy consumption, while energy inputs
totheentirefood system (including distribution and
processing) have been estimated at three to four
times that amount. By 1990, however, energy
productivity in agriculture had doubled from the
minimum levels of the mid-1970s because of
conservation, reduced acreage tilled, and greater use
of diesd fue, which delivers more mechanical
energy per unit than gasoline (Cleveland 1995).

The significance of energy as an economic cost of
productionis, of course, recognized by growers, but
wesdtressit here because energy analysisis ameans
of making alink between socioeconomic factors and
environmental consequences. It is estimated that
domestic sources of high-quality fossil energy will
be depleted within the lifetimes of people who are
now middle aged (Hall, Cleveland, and Kaufmann
1986). This will likely have serious, widespread
ramifications on our environment and way of life,
affecting the scale and location of agricultural



production, the delineation of marketscapes and
food systems, the demand for agricultural land and
labor, the use of synthetic (fossil-based) pesticides
and nutrients, and interest in promoting nonfossil-
based alternatives in pest control and fertilization.
Despite the relatively short time scale of these
projected changes, we have seen stops and startsin
deveoping policies and pricing systems that inspire
more efficient use of these resources. Therefore, we
suggest that evauating the environmental
consequences of the use of nonrenewable resources
and slowing the use of renewable resources may
provide additiona insights and leverage in policy
formation.

Summary: What is Environmental-
I mpact Assessment?

We consider the environmental impacts of
agriculture to encompass all nontarget impacts,
athough in the context of the parameters mandated
for this paper, we do not focus in great detail on
direct impacts on human beings through
occupational or other exposure. Nevertheless, it is
important to realize that impacts on terrestrial,
aguatic, and atmospheric systems clearly can have
indirect impacts on human health; also that many of
the nuanced, sublethal impacts that are being
recognized on human health may have paralld
impacts on nonhuman biota. We have attempted to
show that many facetsof the environment can be
affected, directly or indirectly, by agricultural
practices.

Environmental-impact assessments are measures or
estimates of consequences of management decisions
on oneor moreenvironmental indicators. They may
be simply methods for identifying changes in the
environment, or they may be tools for decision
making that also assess the magnitude and
significance of these changes.

Challengesin Assessing
Environmental | mpacts

In this section we shift from describing possible
environmental impacts of agriculture to discussing
some of the challenges and potential difficulties
researchers face in developing systems to assess
theseimpacts. These are conceptual challenges that

are not, for the most part, likely to have quick
technical solutions. The issues we discuss are
organized into three sections: the identification and
integration of environmental indicators; the bias
against future impacts or, alternatively, our greater
easeand ability in measuring and assessing current
and tangible impacts; and the redlity of data
limitations that constrain the development of
assessment models in covering the breadth of
environmental parameters we mention in the first
section.

Choosing Environmental Indicators and
Deciding How to I ntegrate Them

As we have noted, many environmental indicators
are needed to fully describe the environmental
impacts of a pest-management product or method.
Tousetheexample of pesticide toxicity, thereis no
single species or group of biota that is most
sensitive to all pesticides and thus useful as a
surrogate for al others in toxicity testing. This
truism applies to other environmental perturbations
aswdl. We cannot rely on a single indicator species
or abiotic effect to tdll al we need to know about the
impacts of any management decision. Scientists are
therefore faced with the need to test and evaluate
impacts on various groups of biota and then to
integrate the results to creste a composite
assessment of environmental impacts of a pest-
control method or other management strategy. One
can grasp the conceptua challenge this poses by
thinking about how one would go about weighting
and summing an evaluation of impacts on human
beings in relation to impacts on other biota,
especialy if the impacts were dissimilar in
magnitude and type.

Another chalenge to creasting a composite
assessment of environmental impacts of agricultural
strategiesis finding a meaningful common currency
to describe different types of impacts. In answering
many questions about environmental impacts,
monetary values do not adequately describe non-
market costs, such as the loss of an individual life,
loss of biodiversity, impacts on nongame species,
disruption of an ecosystem, future costs of current
soil erosion, or loss of irreplaceable resources.
Ongoing research in several disciplinesis aimed at
devising means of valuing environmental and other



nonmarket goods; much of this work falls under the
rubric of ecological economics (Daly 1991; Daly
and Town-send 1993; Daly and Cobb 1994; Guinee
and Hei-jungs 1995; Krishnan, Harris, and Goodwin
1995).

In some agricultural impact-assessment systems,
both environmental parameters and on-farm
economic costs are rated on a unitless scale; in
others, on-farm costs are quantified in monetary
terms, and environmental costs are indexed
separately and ‘flagged’ indicate a hzard othigh

risk. In a number of other systems, monetary values
are imputed to a range of environmental impacts
with one of several methods, such as regizent or
remediation csts, lost poductivity, or willingness

to pay (contingent valuation) as the basis for
assigning value to impacts. The drawback to
remediation or rept@ment-cost acuinting is that
money is only a useful measure of impact if the
environmental parameters or organisms in question
are of intrinsic economic interest to people or if the
costs of previous remediation efforts are known (see
Pimentel et al. 1992). Cadngent valuation is a
useful measure only if the group surveyed for their
willingness to pay are realistically able to assign
monetary values to the nonmarket goods in question
and are not swayed by thinking there will be
possible economic or regulatory ramifications from
answers that are biased high or low. Surveys to find
out how much money individuals would be willing
to pay for a nonmarket good ardiganly when the
sample represents the population that will bear most
of the associated costs or reaps most of the
associated benefits. To give an example illustrating
this last point: a farmer'sillingness to pay toid
polluting water with a toxic pesticide or fertilizer
runoff is not a reasonable or accurate way to value
this environmental damage because all of society
suffers from the results of such pollution and pays
the costs of remediation. On the other hand, a survey
assessing farmers'iNingness to pay to avoid toxic
risk to pesticide applicators may indeed be a
reasonable method of valuation because this
environmental cost affects farmers disproportion-
ately. In designing assessment systems, it is
important to remember thatiliingness to pay does
not measure the existence or extent of an
environmental problem; rather it measures attitude
toward a problem and whether the problem bothers
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a particular stakeholder enough to pay for an
alternative (Levitan et a. 1995).

Another challenge of creating composite
assessments of environmental impacts is that no one
set of social or environmental indicators is most
appropriate to use in assessing impacts of
agriculture. Different circumstances and objectives
prioritize different indicators and interpretations.
One may answer the question of how to integrate,
weight, and value impacts in the context of one
assessment scenario, but these issuesesitherge
when the question of environmental impacts is
asked on a different scale or with different
objectives. For example, the types of data required
to create a decision model fofaamer to use in the
field in choosing a least-impact but effigaes pest-
control method may not be the same as the data
required for a national policy model assessing
agricultural practices. To illustrate: while IPM
farmers want to avoid using pesticides that harm
parasites and predators specific to the craspiea
their fields, these producers might be misled by a
decision model based on the more generic
information about impacts of pesticides on
beneficials that might be used in a national model of
environmental impacts of IPM. Were theinatl
model to consider impacts on beneficials at all, it
would most likely rely on EPA data on acute toxic
impacts of pesticides to honey bees, which are the
only beneficials inded in EPA’'s Ecological
Effects data set (U.S. EPA 1996). Even if the toxic
dose responses were comparabldforey bees and
other beneficials, the significance of these effects
might be quite different. Whehoney bees are
repelled from a field by pyrethroid pesticides, for
example, they survive and move on to another nectar
source; however, if beneficial parasites and
predators are repelled from a location, they are not
then available to work as biological control agents.
The design of an assessment system must, therefore,
be appropriate to the objectives of the audience
served.

Bias Against Future as Compar ed
to Present Impacts

There are several ways in which we can be biased
against considering future, as compared to present,
impacts. Returning to our space-time diagram (fig.



2), theissues that tend to concern us most are those
that occur in our immediate space and time frame.
This implies that current activities that lead to
environmental impacts at more distance places and
times tend to receive less attention. For example,
most ecotoxicity testing of pesticides emphasizes
their short-term lethality rather than their chronic
and cumulative impacts. Or we may be more
interested in the short-term reduction in pesticide
use that occurs when pest-resistant varieties are
introduced than in the long-term impact on pest
populations caused by the use of pest-resistant
varieties. Long-term and cumulative impacts are
more difficult to comprehend and quantify than
short-term impacts, and less data are generaly
available. As aresult, less weight tends to be given
to these impacts in environmental assessments.

A second manner in which we can be biased against
the future as compared to the present is by not
considering impacts associated with future events
(Garetz 1993), such as leaking of improperly stored
pesticides in the future. Assessing future impacts of
future events can be more uncertain than assessing
impacts of current events, but this does not mean
that such impacts are less important. For example,
the Superfund Program and Hazardous Waste
Program were established primarily on the basis of
future rather than current risks.

Another problem for current assessmentsiis that, as
environmental systems change or become better
understood in the future, the impact of IPM and
other farm-management systems may be assessed
differently. This assertion implies that assessors
must be aware of new information and problems and
be prepared to modify or change their assessment
methods to account for changes in our knowledge
base.

Data L imitations

Data are required at al stages of environmental
assessment of agriculture. Data can be divided into
different classes. Recognizing the variety of types of
data enables us to place the availability of datainto
perspective. Data that describe intrinsic properties
of a system are unlikely to change with time.
Examples of these are soil data, rainfall, and climate
records. Other data are valid for short time periods,
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such as farm-management information, and
therefore have to be collected frequently. Y et other
data may vary according to the type of assessment
or as new knowledge becomes available. For these
reasons, it is difficult to define a minimum data set
for IPM planning and evaluation that will be widely
applicable or remain constant for a long time.
Because many environmental impacts are produced
on different temporal and spatial scales than they
are experienced, data for assessing these impacts
cannot be collected on-farm, an important factor
that differentiates environmental assessments from
farm-scale economic assessments of IPM and other
agricultural systems.

Toxicological- and ecological-effects data sets of
pesticides areincomplete. In addition, some of the
existing toxicity data are inappropriate to use as the
basis for assessing relative impacts of different
agricultural management strategies because they
werenot collected with standardized protocols and,
therefore, are not comparable (Levitan et al. 1995).
Moreover, there are very limited data and no
standardized data sets on new biocides, such as
microbial and fungal pesticides. The scientific
community is only beginning to develop tools and to
collect data for assessing positive and negative
environmental impacts of biointensive |PM
practices. The reasons for this are twofold. First,
there are many interlinked physical, chemical, and
biological processes that play arolein IPM, and it
would be unusual for al of these processes to be
fully understood and quantified for specific
evauations. Second, natural systems are inherently
variable, both in space and time, and, to characterize
both their average behavior as wdl as ther
variability, high-intensity sampling is required.
Because it is often the occasiona extreme
occurrencesthat may lead to environmental damage,
itisimportant to be able to predict the likelihood of
these events (Wagenet and Hutson 1994; Jury and
Gruber 1989).

Aswenotein an earlier section, most available data
on pesticide environmental impacts originate from
toxicity tests on single species of biota. In addition
tolimitations associated with testing single species
of organisms, these data are also of limited value
becausethe pesticides tested are generally applied in
single doses of individual active ingredients.



Impacts to the environment, however, are from
mixtures of active ingredients, whether tank mixes
or mixes of residues in the environment, that can be
greater or less than the sum of impacts from
individud toxins. Cumulativeimpacts from repeated
or extended exposures can aso be different than
impacts of single, larger exposures. Littleis known
about cumulative impacts and interactive effects,
particularly in terrestrial systems, even though both
human and nonhuman biota are virtually aways
exposed to chemica mixes and amounts that change
spatidly and over time (Yang 1994). Yang
concludes that the toxicology of long-term, low-
level exposures to chemical mixtures produces
subtle effects, unlike acute toxic responses to higher
doses; that such toxic interactions are possible at
environmentally redlistic levels, that the toxic
responses may be from unconventiona endpoints
that are not usually tested; that thereis a possibility
that residual effects may become interactive with
later exposures; and that these exposures may pose
a safety risk to the public. While these comments
are intended to apply to human subjects, we can
extrapolate these principles and concerns to
nonhuman biota, some populations of which may be
more vulnerable to such risks because of limited
mobility and physiological factors.

Methods for I mpact Assessment

In this section, we review severa categories of
environmental-impact-assessment methods,
incdluding surveys and monitoring, fate models, and
categorical indices of impacts. In each case, we
discuss the objectives, strengths, and limitations of
themethodology. All of these approaches have been
used in environmental assessments of agriculture.
Theaim of this section of the paper is to encourage
IPM researchers to actively consider the objectives
and assumptions of the methods they are using and
to refine methods, where feasible, rather than
mechanically adopting methods without appropriate
adaptations. In this way, researchers will not only
increasethe usefulness of their assessment, but may
aso contribute to the development of
environmental-assessment methods.

Sampling and Monitoring

Of all the methodologies we will be discussing,
sampling and monitoring are the most familiar to
IPM researchers. Sample surveys are used in many
fiddsto characterize populations (used broadly here
to incude bictic and abiotic phenomena) that aretoo
largeto census. Monitoring of various components

of the environment usually involves repeating
sample surveys over time. However, there are cases
when monitoring involves measuring changes in the
entire population of interest rather than in a sample

Summary: Challengesin Assessing
Environmental | mpacts

Although most of us support environmental-impact
assessment in theory, many may express
considerable skepticism about environmental-
impact assessment in practice. There are numerous
practical and theoretical problems in designing and
conducting environmental-impact assessments. In
this section, we haveidentified several challenges or
concerns that can be raised in relation to most
efforts at environmental assessment. We take the
view that these are legitimate concerns that in many
cases cannot currently be adequately addressed.
However, we would argue that deaying
environmental-impact  assessment  until  these
concerns can be dedlt with effectively is not likely to
be a productive strategy. Rather, environmental-
impact methods are likely to be gradually improved
as more researchers attempt to implement
environmental assessments.

of that population, for example when monitoring
changesin a population of some endangered species.
In any case, the major objective of monitoring is to
address questions concerning the present status,
changes, and future trends in the population that is
being monitored (Larsen 1995).

On the national level, the U.S. Geological Survey,
the USDA Soail Surveys, and the national network of
weether stations have long been engaged in
surveying the physical resource base of the nation
and in providing this information to the public.
Morerecently, there has been a growth in the use of
surveys to characterize the natural and agricultural
resource base. Examples include the National
Agriculturd Statistical Survey, the Forest Inventory
Assessment, the National Wetlands Inventory, and

theNational Acidic Precipitation Program’s survey
of lakes and streams. Surveys conducted over time
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add a temporal dimension to survey data, thus
moving beyond a snapshot approach to resource
inventory and essentially becoming a monitoring
exercise. The EPA’s Environmentablitoring and

represented by the sample. Much of the rationale for
monitoring liesin trend detection. However, in some
environments, trend detection has been likened to
looking for a needle in a haystack, with the needle

Assessment Program (EMAP) is an example of a
program designed to track changes in important
environmental indicators that have been selected to
characterize the omdition of the nation’s
ecosystems. Another example of an environmental
monitoring program is the Swiss National Soil
Monitoring Network (Desaulet993).

IPM researchers are familiar with sampling and
monitoring of the environment at the local level
because these activities are a major part of IPM

research and practice. The strengths and weaknesses

of surveying and monitoring are similar at local and
regional levels. Surveys based on population
samples make it feasible to characterize
environmental resources, such as soil, lakes, and
streams, as well as biotic populations that are too
large to census. Otherwise, the status of a

being very small changes representing a trend lost in
the haystack of eweastirerror and natural
random fluctuations in time and space (Oliver

1993). Clearknowledge of natural fluctuiains in

time (e.g., seasonal effects) and space (e.g., soll

types or soil depth) need to be considered in
demyning a monitoring system (Olivai993).

Dynamic simulation models can be used to predict

temporal and spatial fluctuations and potentially to

improve the design of a monitoring system. When
the trend is very small compared to natural

fluctuations in time and space, then other

approaches need to be considered. An interesting
impnoent over standard amitoring is the
combination of regional mass balances with
monitoring data by the soil monitoring network in
Switzerland mentioned (Blaolee and Baccini

population would have to be inferred from an
indicator or other species or simutet modeling.
Monitoring can also be used to provide data for
evaluating whether a system is changing and to
predict future trends.

198y Streiger and Obridt993). The approach
used in the Swiss study is to identify various
categoridarpfs and then apply a model that
distributes system inputs and outpais) by
category with regional average data. This method
was used to identify agricultural land at high risk for

Obvious problems with sampling and monitoring copper contamination (in this case it was 11.9

are those of cost, convenience, and extrapolation.
Often, so many samples must be taken to validly
describe a population that the cost of sampling may

percent of the total cultivated land) and then to
focus monitoring activity on this smaller area of
cultivated land at high risk. Such an approach can

become prohibitive. At other times, it can be
impractical to choose a valid sample popaolatFor
example, farmers who are interested inkiay with
extension agents and researchers to implement new
pest-management strategies are not necessarily Fate Models
representative of the entire populationfafmers

guide those responsible for monitoring and can
influence how often and where samples should be
collected.

who are using more conventional techniques. Given
the voluntary nature of su@drrangments, it may
not be practical to select an unbiased sample of
farmers. Lastly, without using other tools, the
results of the sampling and monitoring work cannot
be used to draw inferences about other populations
(i.e., other farms, other practices, other components
of the environment).

There are several other problems associated with

monitoring beyond those of cost, convenience, and
inability to extrapolate to populations not
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Integrating and extrapolating physical, chemical,

andiddogical processes in the environment is an

essential part of assessing impacts of agriculture.

Natural systems are dynamic. Models identify the

relative importance of various dissipation pathways,
and allow estimation of flux densities,
concentrations, residence times, and exposure.

Because most data collection is performed at
detailed scales, simulation models are an attractive

option for extending these data to broader space and
time scales. Models may be viewed as repositories

for dynamic processes, analogous to databases,



which are often repositories for static data only.

Dynamic simulation models vary in their scope and
complexity (Addiscott and Wagenet 1985), falling
into broad use categories of education, screening,
regulation, and research. The simplest of these
models require few data and sometimes contain
overly simplistic assumptions, but are easy to run
and are useful for demonstrating the principles of
environmental interaction. Screening models are
usudly used to rank chemicalsin terms of potential
environmental impact, and generally compare the
relative impact of different chemicals against a
constant environmental background. Modds
currently used for pesticide registration include
environmenta dynamics (rainfall, temperature, etc.)
but exdude processes that may be important but are
currently difficult to quantify, such as sorption
kinetics. In regulatory models, processes are often
represented as simply as possible, consistent with
current knowledge and available data. Regulatory
models make extensive use of libraries of existing
databases and are structured to perform multiple
executions easily. Research models are the most
detailed in terms of their representation of
processes. Ther data demands are usually high, and
considerable knowledge and experience are required
to use them effectively.

The complexity and dynamic nature of
environmental  processes make simulation
particularly attractive. The use of computer
simulation models is increasing despite

controversy over their validity and applicability. The
controversy arises from opposing views of how
models should be used. At one extreme are those
whofed that models should contain only processes
that have been proved valid and that they should not
be applied outside a range of situations for which
they are applicable. At the other extreme are those
who would apply models even though the processes
or data are known to be inapplicable to the situation
under study. Useful applications probably lie
between these two extremes, especially when
combined with acritical and insightful evaluation of
the output. Hauhs (1990) suggests that models
should be applied until they are shown to beinvalid,
because they represent the current leve of
knowledge. However, if evidence from
measurement, monitoring, or experience suggests
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that themodd is deficient or inappropriate, then the
scientific foundation of the modd should be
reexamined and improved.

Whenamodd is used outside the situation in which
it has proven applicable, it isimportant to remember
that the modd is a hypothesis and that subsequent
measurement may prove it invalid or incomplete.
Other approaches and available data should be
reviewed before embarking on amodeling exercise.
Such areview will highlight areas where there are
insufficient data, thus highlighting the role of model
output as a possible substitute. During this
evaluation process, mgjor mass-bal ance components
may be estimated and deemed sufficiently accurate
to satisfy demands of other disciplines.

Environmental evaluation often consists of the
application of established scientific principles or
models from severa disciplines to larger-scale
systems. The models employed at this larger scale
are based on processes determined at the research
scale Processes that control responses at the larger
(e.g., catchment) scale should be included but are
not necessarily present in smaller-scale models. At
larger, more complex levels, direct cause-and-effect
relationships are more difficult to establish, and
existing process-based models may become
inadequate. Long-term experience and monitoring
may become the sole measures of behavior at larger
scales. But if modds are viewed as providing
hypotheses about system response at the larger
scale, then it may be possible to design experiments
or measurement exercises that can help assess the
modds. In this way we may develop a science at the
larger environmental scale that does not depend
completely on scaling-up of local-scale research.

Index or Ranking of I mpacts of
Pest-Control Products and M ethods

Whereas monitoring systems tell you what is found
at a particular time and place and fate models
estimate what is likely to be found at other times
and places, indexing or ranking systems for
environmental-impact assessment estimate relative
impacts of agricultural practices, such as the use of
different pesticides. To explain this method, we
describe a generic indexing system in which
biologically or ecologically significant threshold



levels for an environmental variable are used to
define categories of impact, hazard, or risk. For
example, if acertain pesticide kills half of asample
of honey bees at an exposure level less than one
microgram per bee, that pesticideis categorized as
posing a high risk to honey bees.

Some indexing systems use categories, such as high,
moderate, low or no risk; in others these categories

are analogous to the colors at a stop light: red for
high hazard, impact, or risk; yellow, wherethere are
moderate impacts and the practice should be used
with caution; and green to indicate thereis little or

no impact from the practice. In some systems, these
categories are scored, and the scores serve as the
common currency to be weighted and summed in
cregting acomposite assessment of impact from the
practice. In other systems, continuous numerical
ratings are used rather than discrete categorical
interpretations of the data about impact. These
numbers may be derived directly from toxicity tests
(such as an LD, value), may be a numerical test
result modified by an exposure factor or other
situation-specific property, or may be a ratio of
environmental concentration to an effective
concentration that causes a measurable impact (such

as an LDg, or EC,,). In other systems, such as the
World Wildlife Fund’'s assessment of adoption of
IPM practices described by Hoppin (this volume
Part Il), the categories are belmal. They are
expressed as types of IPM practices (low-level,
medium, and biointensivePM) rather than as
categories of magnitude of impact. In such
behavioral systems, a relationship is assumed
between certain behaviors or practices and the
impacts of the practices.

Indexing and ranking systems are well-suited for
comparing relative impacts of similar pest-
management options, such as comparing toxicity of

different pesticides, each of which has been assessed

for the same endpoints at similar levels of exposure.
Because of the conceptual difficulties in integrating
different measures and indicators of impact, there is
a greater margin of creative interpretation when
indexing is used to compare impacts of quite
different options. Some examples are comparing
impacts of herbicides to control weeds versus tillage
or comparing regional food-production systems
where pesticides may be used to the environmental
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impacts of transporting organically produced food
from a different agricultural region. Such systems
are wel suited for evaluation with hybrid
assessment tools that draw on the strengths of both
indexing and simulation methods.

Indexing systems are useful for evaluating many
types of environmental variables, not only those that
can be sampled, monitored, or mathematically
modded. It enables theleap from assessments based
ontest endpoints to the development of systems for
assessing decision endpoints. We return to the
example of the impact of different pesticides on
honey bees to illustrate the difference The
measurement of toxicity to an organism is a test
endpoint that provides data on therate of pesticide
application letha to bees or the rate at which certain
behaviors (such as nectar-collecting activity) will
change. However, what abeskeeper is more likely to
want to know is the combination of factors affecting
hive survival or crop pollination. Management
decisions of farmers and beekeepers could be
affected by knowing how the impact on honey bees
might be reduced by using a different pesticide, a
lower dosage, or adifferent time of application.

In this example, acute toxicity to adult honey bees
may not be the crucial variable for the beekeeper’'s
decision because the most toxic pesticides may
rapidlkill worker bees in the field or repel them
from the field (as pyrethroid insecticides do), where-
as somewhat less-acutely toxic pesticides may mix
with the nectar or pollen and be brought back to the
hive and fed to the brood, which is the next
generation of workers. Or the less acutely toxic
pesticide may have a sublethal impact on the adults,
reducing their activity level and decreasing long-
term chances of hive survival. Indexing systems
have the potential of integrating test endpoints and
ranking decision endpoints. A decision-making aid
for determining whether a situstamoissto
hive survival or pollinaticessumight require
the integration of a numbeistsf EBecision
models for efficient and safemamagyactices
farmers, growers, livestock managers, and
beekeepers might differ from each other and also be
different from assessment models intended to
summarize long-ternif-d@admimpacts to the
environment and society. Without modifications
(such as those described in this example) to



incorporate site- and situation-specific factors,
ranking systems reflect a generalized condition. In
pesticide-ranking systems, site and situation-
specific factors indude dose, time of day and season
of application, and qualities of the formulated
product.

A chalenge in developing indexing systemsis that
theintegration of impacts on specific endpoints into
a composite assessment of impacts on the
environment involves value judgment. The challenge
is in justifying these judgments and in creating
assessment tools that are sufficiently transparent
and flexible to enable situation-specific
modifications in the integrating agorithm. As
methods are developed to incorporate situation-
specific sengitivity to impacts, the value of indexing
systems will improve.

Directionsand Trendsin
Impact-Assessment Systems

We identify three areas in which we expect to see
important changes in the development of impact
assessment systems for agriculture:

1. More data must be produced on environmental
impacts, broadly understood to include arange
of environmenta indicators. Perhaps it is even
more crucia to stress that improved datasets of
high-quality, comparable data (i.e., collected
under standardized and recommended protocol s)
must be organized and made accessible to the
assessment research community.

2. With better data and with a broader
conceptualization of environmental impacts
(going beyond single-species toxicity testing and
measures of pollutant concentration in water),
assessment systems will evolve to consider
additional  environmental  variables and
endpoints.

3. Developers of assessment systems  will
collaborate to overcome limitations of each
individual methodological approach and will
synthesize and build on the advantages of
monitoring, modeing, indexing, and other
methodologies. Systems will be developed that
are more transparent and flexible in setting

51

impact criteria, in determining which variables to
include in the model, and in weighting relative
importance of these variables in the system.
With improved input data, and these other
modifications, assessment models will be able to
portray amore halistic picture of environmental
impacts.

Choosing an Assessment M ethod

In this section, we consider some practical issues
that face many researchers and that can ultimately
have an important, if not decisive, role in
determining the outcome of an assessment method.
These issues include identifying the decisions,
societal values, and assessment endpoints involved
in the environmental assessment and factors to
consider when selecting an appropriate model. The
aim of this section is to encourage researchers to
consider theseissues explicitly before choosing an
environmental-assessment method.

I dentifying Decisions, Values, and
Assessment Endpoints

Throughout this paper, we have emphasized that
environmental-impact assessment has no single,
well-defined method. In the first section, we
emphasized that there are numerous environmental
assessment endpoints of interest to various groups.
In the next section, we raised questions suggesting
that it is still not possible to conduct a complete
(i.e, halistic) environmental assessment. In the third
section we discussed the objectives, strengths, and
limitations of some existing methods for
environmental assessment of agriculture, pointing
out limitations to each of these methods. How, then,
should IPM researchers determine an appropriate
approach to use in assessing the environmental
impact(s) of the management systems they are
promoting? Suter (1995) states that the selection of
an appropriate environmental-assessment method
that will lead to an informed decision must involve
not only the assessors but also must be guided by an
understanding of the public values involved in the
decision. He suggests that selecting the appropriate
method requires addressing four questions: (1)
What isthe nature of thedecision? (2) What societal
vauesareinvolved in the hazard to be assessed? (3)
How can those values be operationally defined as



assessment endpoints? (4) What combination of environmental impact of standard production

models, test endpoints, and other data will most practices. Thus, the assessment or decision
efficiently provide an assessment of the assessment endpoints of most interest arelikely to differ among
endpointsin aform suitable for the decision? In the different groups (Suter 1995). A quotation earlier in
next few paragraphs, we discuss these and other the paper (Hughes 1995) suggests that an
guestions related to choosing a particular environmental assessment of IPM should include
environmental-assessment method. assessment endpoints of interest to a broad
spectrum of interested parties. Cairns (1995), in an
Before sdecting an environmental-assessment article dealing with future trends in ecotoxicol ogy,
method, it is critical to determine who is expected to arguesthat ecotoxicological information will need to
use the assessment method and the information it be more site-specific and produced more rapidly.
produces. Is the information to be used by
government agencies to assess policy impacts, or by Theimplications of Suter’s questions referred to at
growers to inform them of the potential the beginning of this section are that only once the
environmental consequences of masmagnt nature of the dems(s), societal values involved,
decisions? Because many pest-management systems and assessnuémis esudp identified can the
involve multiple decisions, IPM assessments models, test endpoints, andadsisany to assess
potentially involve contrastg the impact of a range the endpoint be determined. As Suter points out,
of decisions (the impact of the application of despite this ideal, most assessments have to rely on
different pesticides, at different rates, at different standard test endpoints available from existing
times, and at different places) rather than just toxicity data. These values generally are not the
contrasting the standard use of a pesticide with no assessment endpoints. In this case, the role of the
use of a pesticide. assessor must include tailoring the assessment to the
decision. When considering use of an existing
There can be multiple societal values involved in environmental-assessment tool, it is important to
estimating hzards of pesticide use. Hixding determine whether the assumptions and data used in
human-health concerns, farmers are concerned about developiogltheetappropriate to conditions or
the impacts of pesticides on beneficials and the systems under which it will now be applied. For
inducement of pesticide resistance in target example, a pestamiedchrang developed for
populations. Regulatory agencies are concerned with apple orchards may not be appropriate for
how farm-managment deciens may impact vegetable- or grain-crop systems. There may be a
benchmark values for pesticide levels in water and need for further measurements, and it may also be
air. Other government agencies may be interested in  ecessary to refine or further develop the assessment
endpoints that are important on a global scale and tool.

thus subject to international negotiatiof@airns
1995). Many in the general public are concerned Choice of a Model
with the impacts of pesticides on nontarget

organisms, while environmentsts are also Choice of a modellwlepend on the reason for
concerned with long-term, ecosystem-level impacts modeling (i.e., the questions we expect to answer).
that may not be safeguarded by current standards. For example, a screening model may provide all the
Scientists are concerned with potentially significant, information required if the objective is merely to
unstudied impacts. Depending on the environmental rank chemicals in terms of their potential for
values of the assessment developers and target reaching groundwater. However, if a site-specific
audience, assessments of environmental impact of assessment is required, then data pertaining to that
alternative decisions could be primarily focused on site and its weather have to be included, which
the short-term versus the long-term consequences ecessitates a more complex model. In a scientific

and on site-specific versus regional or national study of isolated and controlled processes, a simple
impacts. Some groups may be interested in potential model is likely tocbessful, whereas more
negative environmental consequences of proposed complex models that include many processes are
practices and want these to be compared to the required for large-scale simulations. Regardless of
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the application, an intelligent selection of a model
requires the user to have a clear understanding of
how well the processes included in the candidate
modds describe the processes likely to be important
inthefield.

At the outset, we need to recognize that the
processes included in models are usually € ucidated
under highly controlled conditions. Interactions
between processes and their behavior under
changing environmental conditions are

rarely studied, except in field experiments limited
both in space and time. Thus, modes are
constructed to predict behavior under field
conditions and to extrapolate processes to other
soils and over longer times. Because it isimpossible
to measure everything, it is inevitable that models
will be used to provide an extension of empirica
knowledge.

Toward a Holistic Approach
to Environmental-I mpact
Assessment of Agriculture

Wewill doseby referring to the objectives reflected

in the title of this paper: “Environmental-Impact
Assessment: The Quest for a Holistic Picture,” but
with this quest modified somewhat by the
conceptual challenges and technical limitations we
have described. We have stressed the point that no
single assessment system could include all of the
environmental parameters we have mentioned and
do so accurately at all scales of operaiffyom
decisions made onfarmer’s fields, to evaluating
regional or watershed impacts, to national policy
models, to planetary assessments). Nevertheless, in
designing and implementing assessment systems, we
believe it is preferable tothink about the
implications and ramifications of an agricultural
practice on all of a system rather than to think only
about a limited portion of the system while believing
or implying that it is an assessment of impact on the
entire system. We need to remember that
environmental processes conge to occur even if
they are not being monitored, sampled, or included
in the assessment model.
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In creating decision tools from assessment systems,
wemust think broadly about environmental impacts
and devel op methods for integrating environmental
costs, public-health costs, social costs, and on-farm
costs without losing valuable information about
each set of issues. What this sigigas that both
environmenta impacts (nontarget costs) and farm-
cost data (target impacts) need to be collected but
analyzed independently. Conclusions from an
andysisof themonetary costs of pest control should
not influence or mitigate assessments of nontarget
(environmental or social) costs. After dll,
environmental degradation and resource depletion
resulting from a given practice do not decline
because the economic costs of doing without a
pesticide are high. Environmental impacts do not go
away just becausethere are few alternative practices
or products available. However, while the
environmental assessment should not be mitigated
by production-cost data, thiecision about which
production strategy to follow must, of course, weigh
the information gleaned about on-farnstas well
as environmental impacts. These decisions should
not be made in a black box. When the economic
costs of environmental protection are high, society
perhaps needs to consider whether and how to shift
that economic burden frorfarther or the
consumer to a larger group. In order to have this
discus®on, the methods and results of impact-
assessment systems must remain visible (fig. 3).

So what can be expected from environmental-impact
assessment systems? As we have implied, there are
many ways to evaluate the environment and many
ways to integrate a summary of impacts from
specific agricultural strategies. We suggest that one
of the greatest values of developing environmental-
impact assessment systems is that they will facilitate
rational social discourse about the effects,
implications, and sustainability of agricultural
oglucion and marketing systems. It is our hope
and prediction that good assessment systems will
draw a broader group of better-informed parties into
that discussion.
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Figure 1a and 1b. Space and time scales of environmental studies.
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Figure 2. Environmental impact models.
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Occupational Exposuresto Pesticides and Their Effects on Human Health
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Since the 1940s, use of synthetic pesticides has
assumed an increasingly important role in control of
pests in both agricultura and nonagricultural
settings. Tota use of pesticides in the United States
has risen from an estimated 540 million pounds of
active ingredient in the mid-1960s to 1,081 million
pounds in 1993. Roughly three-fourths of this
guantity is used in the agricultural sector, with the
remainder divided somewhat evenly between home
and garden and commercial and government use
(USEPA 1994). The benefits of pesticides are many
(Wilkinson 1990). On the agricultural side, they
increase yields and diminish storage losses, thereby
contributing to an abundant and inexpensive food
supply. They have a direct role in public health
through control of insects and other disease vectors.

While the benefits are substantial, there are costs
associated with using pesticides. In fact, concern
about potential human-health effects from these
chemicals has paralleed their use and is usualy
credited with providing the stimulus for the
environmental movement (Carson 1962). Modern
industrial societies use many chemicals, but
pesticides are uniquein that they are designed to have
adverse biologic effects. This property has
accentuated the scrutiny they receive.

The adverse effects associated with pesticide use
includeimpacts directly borne by the user, as well as
those borne by society as a whole. Examples of the
former include the development of pest resistance,
secondary pest outbresks, and damage to agricultural
ecosystems. Examples of the latter include adverse
impacts on worker safety, surface- and groundwater
quality, biodiversity, ecosystem health, and consumer
safety. These adverse effects can occur from direct
contact with pesticides during mixing and
application, from contact with contaminated
equipment, from working the fields where pesticide
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residues occur, or from contamination of food or
water. This paper will focus on the public-health
impacts resulting from occupational exposures, but
the other routes of exposure mentioned are also
important, and discussions of these can befound in
Nigg et al. (1990), NAS (1993), and Pease et al.
(1995).

The challenge, then, is to strike a balance between
the benefits and costs of pesticide use in agriculture.
This is a difficult task given the complexities
involved in detecting and monetizing many of the
adverse impacts. But, as evidenced by the
presentations at this workshop, there are emerging
methods and approaches that can be used.

Integrated pest management (IPM) methods and
techniques that diminish the frequency and amount
of chemicals used, identify lower risk alternatives,
and/or promote safe use and disposal of pesticides
potentially could have measurable beneficial effects
on human health. Identifying and measuring these
impacts will reguire an understanding of the
approaches and methods that public-health experts
use to detect and measure the effects of pesticides
on human hesalth.

In this paper, previous research on pesticides and
human health is summarized to highlight areas of
concern about potential pesticide exposure and
disease outcomes and to provide guidance for future
research directions on pesticides. Results from
epidemiologic studies are reviewed with afocus on
chronic disease, particularly cancer. Possible
mechanisms of action are discussed to provide a
framework for research and evaluation of results.
Techniques for monitoring pesticide exposure are
reviewed to outline possible approaches for
assessing changes in exposure associated with |PM



techniques. Finally, approaches used in assessing
public-health impacts are briefly described.

Assessing Human-Health Hazar ds

Three research approaches are currently used to
obtain information on human-health hazards
associated with pesticide exposure: (1) assessing
links between exposure and disease, (2) relating
exposure to biologic effects other than disease, and
(3) evauating exposure aone. These three
approaches provide a hierarchical approach to
research that focuses on different aspects of the
exposure-disease process and that offers specia
opportunities in different situations.

Thefirst category evaluates the relationship between
pesticide exposure and disease. Pesticide exposure
may cause acute and chronic effects. Chronic effects
aremuch moredifficult to evaluate than acute effects
because years may pass between the initiating
exposure and the development of disease symptoms.
For cancer, the time period may be twenty or more
years. Thislengthy lag period creates many practical
research problems, particularly the difficulty in
assessing exposures that occurred many yearsin the
past. Despite the practical difficulties, the approach
focusing on the exposure-disease linkage is critical
because it is essentia to establishing a causal link
and dose-response relationship.

The significant time lag between exposure and full-
blown disease has been one motivation for the
incorporation of laboratory techniques into human
epidemiologic studies, particularly in cancer research.
These new procedures are designed to evaluate the
relationship between exposure to potentialy
hazardous chemicals and biologic effects that occur
prior to full development of cancer or other diseases.
Such a technique offers several advantages in our
effort to understand environmentally caused disease.
It greatly shortens the time between exposure and
outcome because the period between exposure and
many types of biologic damage is usually days or
weeks instead of years, as with disease. This
shortened response time occurs because the outcome
of interest is not full-blown disease, but biologic
damage or conditions that may eventually lead to
disease. Examples of such biologic outcomes include
chromosome aberrations, gene mutations, immune-
system abnormalities, and hormone disruptions.
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Epidemiologic studies with laboratory components
can aso be very instrumental in expanding our
general understanding of how diseases are caused.
Such information can be helpful in developing new
therapeutic procedures and interventions.

Direct monitoring of exposuresis the third approach
for assessing potential hazards posed by pesticides.
It is the method of choice if there is already clear
evidence that the chemical poses a hazard. In such
situations, eiminating or minimizing the exposure
is crucial. Exposure studies serve a range-finding
function. If no exposure occurs, then obviously no
hazard exists. Exposure studies also provide an
indication of the appropriate level of concern
because the toxicologic effect is usudly
proportional to the dose. Exposure studies also have
a practica advantage over study of disease or
biologic damage. For disease and biologic damage,
some time must pass before assessment of
hazardous effects is possible. With exposure
monitoring, assessment is all that is required. This
quick feedback has important preventive
implications because corrective actions can be put
into place promptly.

Human-Health Effects from
Pesticide Exposure

Research on human-hedlth effects serves as the
basis for determining the need for preventive
actions. Early research focused primarily on acute
effects, such as poisoning; but more recently,
interest in chronic diseases has increased.

Acute Effects

Although poisonings and death from acute pesticide
exposures are well documented (Hayes 1975),
statistics for most countries (including the United
States) are incomplete. Given this cavedt, there is
some evidence that fatalities from pesticide
exposurein the United States fell between the 1950s
and 1970s (Hayes and VVaughan 1977). Information
on pesticide-poisoning symptoms is even more
limited than that for fatalities, and many symptoms
undoubtedly go unreported or misdiagnosed. In
Cdlifornia, where physicians are required by law to
report pesticide poisonings, approximately 2,000
pesticide-rdated il Inesses occur annually (Edmiston



and Maddy 1987). A survey in lowa in the 1990s
found that approximately one-third of the farmers
reported they had experienced some symptoms
associated with pesticide use, such as headaches and
vision difficulties (Blair et al. 1995).

Chronic Diseases

Chronic diseases are more difficult to evaluate than
acute effects because they do not occur immediately
after exposure. Some of the chronic diseases of
concern include cancer (Blair et a. 1990) and
diseases of the nervous system (Ecobichon et al.
1990), immune system (Thomas et al. 1990), and
reproductive system (Mattison et a. 1990). The
quantity and quality of the data available on these
different diseases vary considerably. Cancer has
received more attention than the others, and efforts
are needed to correct thisimbalance.

Neurologic Diseases. Diseases of the nervous
system resulting from pesticide exposure are of
specid concern. Many insecticides target the nervous
system of insects, thusit is not surprising that human
exposures cause tremors, anorexia, muscular
weakness, insomnia, convulsions, and depression
(Echabichon et a. 1990). These symptoms have
occurred with pesticides from a number of different
chemica classes, including organochlorines,
organophosphates, and carbamates. In anow classic
study, many of the symptoms listed above occurred
among workers with prolonged exposure to Kepone
(chlordecone) in the Hopwell incident (Taylor 1985).
In this incident, symptoms for many workers
gradually disappeared after exposure ceased, but they
persisted for several years in some of the most
heavily exposed workers. Similarly, a study of
individuals seeking health care for pesticide
poisoning in Cdifornia found they experienced
neurobehavioral deficits (sustained visual attention
and mood scales) and sSlower finger-tapping
responses than individuals never experiencing a
poisoning episode (Steenland et al. 1994). Recent
studies of Parkinson’s disease have suggested that
pesticides may increase the risk of this chronic,
debilitating, neurologic condition énchuk and Love
1995).

Cancer. The need to study human cancer and

pesticide exposures is driven by several observations.
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First, pesticides were among the earliest chemicals
evaluated for carcinogenicity in animal bioassays.

To date, the National Toxicology Program has
evaluated about 50 pesticides, and for about one-
half of those tested there was some evidence of
carcinogenicity (Huff et al1991). Cardnogenic
activity occurred among pesticides in several
chemical classes, including organochlorine,
organophosphates, carbamates, herbicides, and
fungicides. Although evidence of carcinogenicity in
animalsis not proof that the pesticide causes cancer

in humans, positive bioassays do identify chemicals
that need more intensive evaluation.

Epidemiologic studies of agricultural populations
asoindicate possible cancer hazards from pesticide
exposure. Inthe 1970s the National Cancer Institute
mapped cancer mortality rates at the county level
(Mason et a. 1975). These maps provided clues for
causes of cancer. The maps showed that many
cancers clustered strongly in urban areas. For
example, high lung-cancer rates were primarily
located in the major metropolitan areas. On the
other hand, for some of the lymphatic and
hematopoietic cancers, higate areas were in
nonurban, agricultural areas. Leukemia, for
example, had a band of higate ounties occurring

in the central United States running from the
Dakotas to Texas (Blair et al. 1980; Mason et al.
1975). Thesehighrate areasdid not generally
include cities and suggested that factors associated
with the rural lifestyle may be involved.

Broad occupational surveys conducted in a number
of developed countries @vide information that can

be used to evaluate mortality patterns among
farmers. Overall, farmers are a very healthy group
(table 1). Compared to the general population, they
have a low overall mortality. Some of the diseases
with strikingly low mortality rates amonigrmers
include cardiovascular disease and cancers of the
lung, esophagus, bladder, colon, and liver (Blair et
al. 1992). In nearly every study, rates for total
mortality; all cancer; and cancers of the lung,
bladder, and colon were lower amdagmers than
among the general poputa. In terms of a healthy
lifestyle, farmers are doing a lot of things right.
Mortality rates for several of the cancers are low
because farmers have a lower prevalence oksmg
than the general population. Other factors that may



contribute to lower risks includéarmers’ high level year had a relative risk of 7.6 in Kansas (table 2).

of physical activity and residence in areas with little Farmergarety used protective equipment, such

air pollution. as rubber gloves or masks, were at higher risk (RR
2.1) than those who used protective equipment (RR

In contrast to the generally lower mortality rates 1.6). Risk of non-Hodgkin’s lymphoma also rose

discussed abovéarmers from many countries tend with frequency of reported use of 2,4-D in Nebraska

to experience elevated mortality from leukemia; non- to more than threefold among those reporting more

Hodgkin’s lymphoma; multiple myeloma (these are than 20 days of use (Zahrh39G@jl (table 3). In

cancers of the blood and lymph systerkjn €ancer; Nebraska, delay in changing clothing after applying

and cancers of the lip, prostate, stomach, and brain 2,4-D increased risk of non-Hodgkin’s lymphoma.

(Blair et al. 1992) (table 1). Special death-certificate Those who changéuhglaight away had a

studies also founthrmers experience excesses for relative risk of 1.1, those who waited until the end of

these tumors (Blair et al. 1993). The tumors the day had 1.5, and those who wore the same

excessive amorfgrmers do not fall into any efus clothing the next day had 4.7. These findings

grouping other than they are not strongly associated indicate that simple protective practices, such as

with smoking. They vary in frequency, histology, and wearing rubber gloves and prompt changes of

prognosis. The excesses for these cancers, against a clothing, may be quite efficient in minimizing

background of low mortality from all causesggest occupational exposure to pesticides during mixing

a role for work-related exposures, and farmers have and application. The associations between non-

many potentially hazdous exposures, including Hodgkin's lymphoma and reported use of the

pesticides. Several higlate tumors amngfarmers herbicide 2,4-D amonfgarmers in Kansas and

are increasing in the general population, including Nebraska could not be explained by established risk

multiple myeloma, non-Hodgkin’s lymphoma, factors for this tumor or from use of other

melanoma, and cancers of the brain and prostate pesticides.

(Devesa et al. 1987). Thusderstading the factors

contribuing to these cancers farmers may have Not all studies evaluating Haalgkin's lymphoma

broad public-health implications. and 2,4dihd an association. A study in lowa and
Minnesota found only a very small and statistically

Mapping projects and mortality surveys suggest that nonsignificant relative risk ¢€dn2or et al.

farmers experience high rates for a few cancers. More 1992). In this study, as in thavestigations in

sophisticated, analytic investigations aegessary to Kansas and Nebraska, however, failure to use

identify which, if any, factors in the agricultural protective equipment tended to yield larger relative

environment contribute to these cancer excesses. risks of non-Hodgkin's lymphoma from exposure to

Analytic studies at the National Cancer Institute have a number of pesticides, providing a further

focused on lymphatic and hematopoietic cancers [i.e., indication of the benefit of the safe handling of these

multiple myelomanon-Hodgkin’s lymphoma, and chemicals.

leukemia (Blair and Zahm 1995)]. The migest
association identified to date has been between the Farmers appear to be taking more care while using

herbicide 2,4-D and non-Hodgkin’s lymphoma. pesticides. Preliminary results from the ongoing
Agricultural Health Study of farm failies being

The studies mentioned above will be useillustrate conducted by the National Cancer Institute, the

one investigatory method used to evaluate chronic National Institate/iobnmental Health Sciences,

disease risks from pesticide exposure. Investigations aBmhtirenmental Protection Agency show that,

on non-Hodgkin’s lymphoma in Kansas (Hoar et al. compared with 10 years agofamoess are

1986) and Nebraska (Zahm et 4890) obtained taking protective mets during pesticide use (table

information on the use of specific pesticides from 4). There is still room for irmew, but the

interviews with farmers. Non-Hodgkin’s lymphoma trends are clearly in a desirable direction.

was associated with 2,4-D in both states, and relative
risks (RR) rose with reported frequency of use. Immune System. The immune system acts to
Farmers reporting use of 2,4-D 21 or more days per protect the body against foreign invaders. It is
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composed of a number of celular and chemical
components. Factors that affect the proper
functioning of the immune system can have far-
reaching effects and impact many diseases.
Immunologic testing is relatively rare in humans, but
atiered scheme has been proposed for experimentsin
rodents (Luster et al. 1988). Few immunotoxicologic
studies in humans have been conducted, but
investigations in laboratory animals have noted
decreased resistance to bacterial infection from
methylparathion and carbofuran, decreased cytotoxic
lymphocyte response from malathion, thymus
atrophy from DDT, increased susceptibility to viral
infection from dieldrin, suppression of T-cell activity

protective practices employed. The cohort will be
followed for 10 or more years to identify diseases
that occur. Participants will be recontacted
periodically to obtain information on any changesin
pesticide practices, including use of IPM practices.

In Canada, persons identified as engaged in farming
fromthe 1970 Census were identified and linked to
the Agricultural Census to obtain more information
on their agricultural practices. This large cohort,
whichincludes essentially al the farmersin Canada,
will be followed to determine cancer incidence and
mortality (Wigleet al. 1990). Analyses to date have
observed associations between the use of herbicides

from chlordane, and enhanced T- and B-cell immune
response from 2,4-D (Thomas et al. 1990).

and development of non-Hodgkin's lymphoma

(Wigle é19810) and prostate cancer (Morrison et
al. 1992). Cortued followup of the cohort for
mortality and cancer incidence will allow the
evaluation of risks of many diseases in relation to
pesticide use and the production of various
agricultural commodities.

Reproductive System. Testing of pesticides for
reproductive effects iar from complete. Chemicals
appear to affect reproduction by direct germ-cell
destruction or hormonal actior®attison et al.
1990). Some effects akmown in humans. In men,
the pesticide dibromochloropropaneBOP) causes In 1990, @ngress provided the National Institute
a decrease in sperm production and/or production of for Occupationabafety and Health (NIOSH) with
abnormal sperm (Milby and Whortat®80; Lip- special funding to initiate a program in agricultural
schultz et al. 1980), while chlordecone reduced sperm safety and health. The program consisted of several
motility (Taylor et al. 1978). DDT, methoxftor, components, including: (1) a surveyfafm-family
chlordecone, and Lindane have reproductive effects health and hazards to develop more complete
in animals, but effects in humans have not been information on disease and injuries amdeugners,
carefully evaluated (Mattison et al. 1990). There is a (2) research into etiology of diseases and injuries,
need to develop and apply standardized techniques to (3) efforts to develop and improve intervention
evaluate potential reproductive effects of pesticides strategies, (4) surveillance to monitor results, and
in humans. (5) cancer control demonstration projects

(CDCI/NIOSH 1992).
Current Research

The National Cancer Institute is conducting a series
Several large-scale research efforts are under way to of methodologic projects to obtain information
evaluate risk of cancer and other diseases among necessary to plan epidemiologic studies of migrant
farmers and farm faitires from various agricultural and seasonal farm workers (Zahm and Bla®3).
exposures, including pesticides. In the United States, This population of agricultural workers, despite
the Agricultural Health Study, a collaborative effort  opportunities for considerable exposure to
involving the Naibnal Cancer Institute, the National  pesticides, has rarely beenlired in epidemiologic
Institute of Environmental Health Sciences, and the investigatons. Pesticide exposure at an early age
Environmental Protection Agency, is designed to and lack of facilities for cleanup may put migrant
evaluate cancer, neurologic disease, and reproductive and seasonal workers at high risk of disease.
outcomes among M0 farmers, farmers’ spouses,
and children in lowa and North Carolina (Alavanja et
al. 1995). In this prospectivenvestigation,
information on pesticides obtained includes specific Incorporation of laboratory (i.e., biochemical)
chemicals used, timing and frequency of use, and techniques into epidemiologic studies offers

Biologic Effects of Pesticide Exposure
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opportunities not available with more traditiona
methods. These new techniques can be instrumental
in the investigation of many acute and chronic
diseases (Schulte and Perera 1993), but they have
been especially beneficial for cancer (Perera and
Santella 1993). These biochemical measures can
sometimes, but not aways, be used to evaluate
exposure from pesticides, mechanisms of cancer
causation, and the relationship between exposure and
biologic damage. Evaluations can be made more
quickly than with the more traditional disease-related
epidemiology and with small numbers of subjects.
Disadvantages include a lack of a reliable and
accurate laboratory procedure to measure dose or
outcome and cost. Each test can be quite expensive.

It is possible to measure levels of a number of
pesticides, or their metabolites, in blood or urine
(Sdleh et a. 1994). Biologic measures of exposure
will be discussed in greater detail in the section on
exposure assessment.

Research on cancer can be used to illustrate the
benefit of biologic markers in the investigation of
pesticide exposure and mechanisms  of
carcinogenicity. Pesticides may cause cancer or other
diseases through several mechanisms, including
direct damage to genetic material (eg., gene
mutations), damage to other important biologic
molecules, or hormonal effects.

A number of pesticides are genotoxic (i.e., they cause
genetic damage). In one study, genetic damage from
65 pesticides was evaluated through 14 different
tests. About 50 percent of the pesticides showed
some genetic activity. Nine pesticides were activein
most tests, 26 were active in several tests, and 30
were inactive in al tests (Garrett et a. 1986).
Chromosome damage (Garry et al. 1989) and
genomic instability (Kirsch and Lipkowitz 1992)
have been noted among insecticide and fungicide
applicators in the grain industry. These findings
indicate that pesticides may cause disease by directly
damaging the genetic material, and this offers an
opportunity for short-term evaluation of persons
exposed to pesticides.

As we have noted earlier, pesticides may affect the
proper functioning of the immune system, and this
may have repercussions on a number of diseases.
Pesticidal action through this mechanism a so offers
an opportunity to evaluate short-term effects of
exposure. Newcombe et al. (1992) have proposed
that organophosphate pesticides may play arolein
carcinogenesis through their inhibition of certain
enzymes (i.e, serine esterases). These enzymes
performacritical rolein the proper functioning of T
lymphocytes and natural killer cells in the blood.
These cdlls, if functioning properly, destroy virus-
infected and transformed cels that may be
precursors for maignant lymphomas. Anything that
affects serine esterases could, therefore, increase the
risk of lymphoma, and some organophosphate
insecticides appear to have this capability
(Newcombe et al. 1994). A possible effect of
organophosphate insecticides on lymphomas is
especidly interesting given the excess of this cancer
often observed among farmers (Blair et a. 1992).

Recently concern has arisen that some pesticides
and other chemicals may cause disease because they
mimic important hormones (McLachlan 1993).
Chemicals that have been shown to exhibit weak
estrogenic  properties include polychlorinated
biphenyls, DDT, and Kepone. The theoretical basis
for the action of such chemicalsis that they mimic
a hormone by binding to the hormone receptor
molecule. Through this binding, they can dicit
normal hormone actions, including reproductive,
developmental, and carcinogenic effects.

The concern over chemicalswith potential hormonal
effects has been reinforced by recent studies of
breast cancer. Several investigations have found
higher levelsof DDT, or its major metabolite DDE,
among women with breast cancer than among
women without cancer (Falck et al. 1992; Wolff et
al. 1993). DDT isfat soluble and persists for years,
even decades, in body tissues. Because of this
persistence, measurements of DDT/DDE in blood
provide an excelent indication of dose This
methodological approach of comparing levels in
persons with and without a disease can be used for
other chemicals that have long biologic half lives,
such as other organochlorine pesticides.



Human-Exposur e Assessment

One of the goals of IPM is to reduce the use of
chemicals that are toxic to humans and the
environment. It may be necessary to balance the use
of greater quantities of less toxic products with
smaller quantities of more toxic chemicals and to
strike a baance between potential human-health risks
and risks to the environment.

Human exposures to agricultural chemicals may
occur through severa routes. Pesticides may be
inhaled during mixing, loading, and application or
through volatilization or spray drift. Dermal
exposures occur from direct contact with pesticides
(concentrated or dilute) or with surfaces (eg.,
equipment, leaves, and soil) that have been treated.
Pesticide-contaminated soil or plant material may be
blown through the air or tracked into the house.
General environmental exposures may occur from
consumption of pesticide-treated foods and drinking
water that contains agricultural chemicals.

With varied routes of exposure, there are also many
potentialy exposed populations. One obvious group
is agricultural workers who mix, load, and apply
pesticides or who enter pesticide-treated fields. The
families of agricultural workers may incur exposures
from activities in treated fields, drift from
application, pesticides tracked into the home, or by
contact with contaminated trucks or other equipment
(Simcox et al. 1995).

Exposures to the general public may occur from
home pesticide use, whether it is applied by the
homeowner or by a professional applicator, or from
treated public areass, such as roadways and
recreational areas. The EPA has sponsored a large
nonoccupational pesticide exposure study (USEPA
1990; R.W. Whitmore et a. 1994). In addition, the
general public may be exposed to pesticides from
consumption of food containing pesticide residues or
from contaminated drinking water. Of particular
concern, following the National Academy of Sciences
report Pesticides in the Diets of Infants and
Children (NAS 1993), are exposures to sensitive
populations, including the young, ederly, and
immunocompromised.
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To assess exposuresin any of the above populations,
accurate and reliable monitoring procedures are
essential. Thereare many methods for measuring or
estimating exposure to pesticides and agricultural
chemicals. The types of exposure-assessment
methods chosen depend upon the time and resources
available.

Quantitative Exposure-
Assessment M ethods

Quantitative exposure-assessment methods have
been used for decades for estimating both dermal
and inhalation exposures to various occupational
groups and are now being applied to other
potentially exposed groups (residents, children,
etc.). Measurement of exposures that occur viathe
dermal and inhalation routes will be the primary
focus of this discussion. The EPA provides
exposure-assessment guidelines for measurement of
applicator and reentry exposures and for exposure
assessment in general (USEPA 1987; USEPA
1984). These documents and the new Occupational
and Residential  Postapplication  Exposure
Monitoring Test Guiddines (USEPA 1996) provide
a good background on various quantitative
exposure-assessment techniques.

The measurement of pesticide residues in food,
combined with a knowledge of the type and amount
of foods we consume, is the most common method
for estimating dietary exposure and will not be
discussed here. Thereis software available for the
calculation of dietary exposure (for example, TAS
EXPOSURE I1°® and 1V ). A more detaled
discussion of the assessment of risk from food or
water consumption is beyond the scope of this
paper. Theinterested reader may find the following
publications helpful, Chaisson et al. (1991), USEPA
(1992), and NAS (1993).

Dermal Exposure. Dermal-exposure-assessment
techniques estimate the amount of product that ends
up on the skin during and following various tasks
and activities. Generally, these methods reguire the
collection of a sample that then undergoes
laboratory analysis. Sample collection reguires the
availability of accurate and precise analytica
methods for the chemicals of interest.



Oneof the simplest methods for determining dermal
exposure uses patches on various body parts. A patch
isgenerdly a2.5- to 4-in. square of cellulose, gauze,

or some chromatographic material that is secured to

the outside of clothing or hats. After exposure, these
patches are carefully removed, packaged, and sent to
a laboratory for analysis. Patches are generally placed
on the head, tops of the shoulders, on the back of the
neck, on the upper chest, in the back of the forearms,
and in front of the thighs and lower legs. It may be
necessary to place additional pads depending upon
the work task and the clothing worn. Patches may
also be placed under the worktbiog to estimate the
amount of product that penetrates through the
material.

A more accurate estimate of total-body exposure can
be made if entire garments worn during the task are
removed and analyzed for the chemical of interest.
These commercially available garments must be
removed carefully to prevent cross-contamination. It
is possible to extract chemicals from the entire
garment; however, generally, the garment is cut up,
and individual segments are analyzed. This allows the
estimates of exposure to arms, trunk, and legs to
determine which body parts receive the highest
exposures.

Unprotected hands have the greatest potential for
dermal exposure. Even when protective gloves are
worn, products may penetrate the gloves, or
pesticides may be transferred to the hands when the
gloves are adjusted or removed. Historically, the
method for measuring hand exposure is the hand
rinse. After exposure, hands are rinsed in a solvent to
remove the pesticide. Isopropanol is commonly used;
however, other solvents, including water with a
surfactant, may be more appropriate, cel@g on

the chemical of interest. The person exposed may
wash his hands in a measured quantity of solvent in
a basin, and the washing solution is collected and
analyzed. Alternatively, a person places his hands in
a plastic bag containing a measured amount of
solvent and shakes his hands for at least 2 minutes.
The bag is then closed and sent for analysis. This
method is simple buiighly variable (Fenske et al.
1994) because it is difficult to remove all pesticide
from the hands, particularly around the fingernails
and cuticles.
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Sampling gloves may be used for estimating the
total hand exposure. These gloves may be worn
alone or inside of work gloves. Generally, these
gloves are made of cotton (pall bearers’ gloves) or
of nylon knit (pickers’ gloves). The nylon knit is
ongetrand less likely to rip or be punctured during
normal work tasks. The gloves are peeled off so that
they are turned inside out to prevent cross-
contamination. As with the whole-body dosimeters,
they are then sent to the laboratory for extraction
and analysis.

A technique that may be applicable to certain liquid
pesticide products uses a fluorescent tracer dye
added to the tank mix for products that are sprayed.
The tracer dye glows when viewed under ultraviolet
light. Richard Fenske aUnthersity of
Washington has developed a quantitative method
for estimating the amount of fluorescent material on
kirevgith video-imaging techniques (Fenske et
18I86). This telenique will not work for all
potential exposures because of degradation of the
fluorescent dye over time and with exposure to the
sun. Also it is difficult to add the dye to some
formulations. Fluorescent tracers, even without the
video-imaging, show which body parts have been
exposed to pesticides. This technique is an excellent
teaching tool for showing workers how their
activities and habits affect dermal exposure (Fenske
1988; Fenske 1990).

Inhalation Exposure. Vacuum pumps are used for
measuring the quantity of a product in the air, either
as a vapor or as an aerosol. The pump draws air
through a ollection medium. Small pumps can be
worn by the person to measure personal exposure or
it may be placed in the area to provide a stationary
measure of exposure. Collection media for gases
and vapors are usually some type of adsorbent, such
as charcoal or chromatographic materials, or it could
be a liquid solution that traps or reacts with the
chemical of interest. Aerosols (particles or droplets)
are generally collected on some type of filter
medium or are trapped in a liquid. Filters are
generally made of cellulose, glass fiber, or some
type of plastic, such as PVC or polyurethane foam,
and trapping solutions may be organic solvents or
water-based weak acids or bases. The collection
media are sent to a laboratory for analysis. It may
also be possible to use direct-reading instruments in



which a pump draws contaminated air past a sensor
or into a portable chromatograph. This type of
measurement technique provides for instantaneous
assessment of exposureand is useful for education of
the exposed person.

Respirators with an absorbent material in front of the
filters represents an older technique to measure
inhalation exposure. Quarter-, half-, or full-face
filtering respirators may be used. The person wearing
therespirator, in the process of inhalation, acts asthe
vacuum pump to draw air through the filter. This
method provides a direct measure of inhaation
exposure and does not require an estimate to be made
about the breathing rate of the exposed individual.

Biologic Monitoring. Air and derma sampling

Blood, plasma, and serum measurements are
commonly used for the assessment of certain
chemicals. For example, cholinesterase levelsin the
blood are an indication of exposure to organophos-
phateand carbamate pesticides (Hayes et al. 1980).
However, this technique is invasive, requires trained
personnd to draw blood, and is frequently opposed

by the exposed person because of concern about
possible infection.

Exhaled air may be collected to measure exposure to
certain volatile and nonpolar pesticides. This
technique has been used primarily for fumigants and
provides ameasure of recent exposure. Becauseit is
noninvasive, it may be more acceptable to the
subjects. Unfortunately, it is not always simple to
get reproducible results. This technique is more

measure exposure at the person—environment useful simply as an indicator of exposure and not as

boundary. To estimate absorbed dose from

the a quantitative technique.

measurement techniques above, assumptions must be
made about the breathing rate and the amount of Surface Contamination. In addition to measuring

chemical absorbed through the lungs and skin. dermal exposure directly, techniques for measuring
Measurement of chemicals or their metitles in the arount of pesticide on variousréaces are often
biologic media, however, can directly determine the valuable. An estimate of exposure may be made if
amount of chemical that actually enters the body and thmuaimof chemical on the Haces is known
integrates the exposures from all routes that occur along with an estimate of the amoufatcef su

over time. Care must be taken to collect the sample at contacted, the amount of material transferred from

a biologically relevant time period. Many pesticid
are eliminated from the body in a few days; thus,

es thodases, and a measure of dermal absorption.
the One method for determining the amount of dis-

sampling must occur in close time proximity to  oddeable foliar redue is to punch out circles from

exposure. SeBiological Monitoring for Pesticide
Exposure (Wang et al. 1989) for reports of i@us
pesticide studies that used biological monitoring.

leaves or, for plants with small leaves, blades, or

needles, by cutting representative samples. Pesticide
residues are dislodged into an agueous solution,

usually a wetting agent in water. A second method

Urine is the most common, noninvasive, biologic for the collectionrédicriresidues works well on
medium that may be analyzed for pesticides or their turf or ofaces like floors or carpets. This
metabolites. It is collected in a sterile container over method involves dragging or rolling a sample-
a certain time period (usually 2 to 24 hours). The use collection medium acrosdgadbe. sthe amount

of urine as a measure of exposure is based upon good

toxicologic and chemical knowledge of théastance

of residue on the collection medium and the area of
siiace contacted allows the calculation of the

under study. Urine may not be the most appropriate dislodgeable residue on rthe¢. sthe dis-

medium if the metabolites are not specific, the lodgeable residues on hdedtesumay be
substance is fatetuble, or an analytical method is measured by wipe sampling. An area of specific size
not available. One difficulty that may arise is that is wiped across the area with an even pressure.
workers or other study subjects may refuse to provide

urine samples because of concern about drug testing. Two less commonly used techniqtfeseof su
Care must be taken to provide adequate information sampling may be appropriate for certain conditions.
to the subjects concerning the purpose of the study. A vacuum cleaner may be used to collect pesticide-

containing dsts from hard g@aces, carpet, and
upholstery (Lewis et al. 1994). Alternatively, in an
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experimental study, representative pieces of various
household materials may be placed in the area before
pesticide application. These coupons would then be
removed and extracted or wiped.

Soil may also be sampled by removing soil samples
from the surface and separating the soil into particle-
sizefractions. Generally, only particles less than 147

pm in diameter are extracted and analyzed for
pesticide residues.

Exposure Models and Databases

As an alternative to the collection of air, dermal, and
surface concentration data, a variety of models and
databases are available for estimating pesticide
exposure. Probably the most well-known database is
the Pesticide Handlers Exposure Database (PHED).
This database was developed by EPA, Health
Canada, and the American Crop Protection
Association. It consis of housands of replicates of
exposure data on mixers, loaders, applicators, and
flaggers. Each